[92]

9tzh-6%0Y ‘otoe ‘way) ‘Siouy *f un3

Eur|IC

European Journal of
Inorganic Chemistry

Cover Picture
Katja Habermehl, Anja-Verena Mudring, and Gerd Meyer
The Elusive "Tantalum(111) Bromide": A Perovskite-Related Salt, [{TaG}qujB:}[TaBrﬁ]o.“

Microreview
Bond Activation with Low-Valent Nickel in Homogeneous Systems
Alma Arévalo and Juventino J. Garcia

ChemPubSoc

@Wl LEY-VCH www.eurjic.org

EJICFK (26) 4049—4216 (2010) - ISSN 1434-1948 - No. 26/2010




Eur/IC

European Journal
of Inorgariic Chemistry

EurdIC is co-owned by 11
societies of ChemPubSoc

VA

HuNGARY ITALY GERMANY Gz:cs Europe, a union of European
@ chemical societies for the
o o K a purpose of publishing high-

En merged their national journals to
form two leading chemistry
journals, the European Journal of

CzECH REPUBLIC

ps
{ 2 z - -
rV"k Egi;m‘iggg quality science. All owners
¥

AN ¢

* Y 2

E' g ChemPubSoc Inorganic Chemistry and the
g aoneS Europe European Journal of Organic
SWEDEN BELGIUM Chemistry. Three further members
of ChemPubSoc Europe (Austria,
oA @@ Czech Republic and Sweden) are
sz-l @ &LE LY KKV Associatespof the two journals. )
s : g
AUSTRIA POHGAL 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 crystal structure of
“tantalum tribromide”, which is, in fact, a perovsk-
ite-related salt, [{Tae}Br;,]Brs[TaBrglygs. Unlike
the mythical King Tantalos who was not allowed
to grasp the fruits above his head, Habermehl
et al. (page 4075ff.) were blessed to pick this
magnificent fruit that had to ripen for 45 years.
Copyright permission for the background picture
(The Punishment of Tantalus) was obtained
from Photo © maicar.com
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Recent advances using low-valent-nickel
compounds for the catalytic activation of
multiple bonds.

SHORT COMMUNICATIONS

Cluster Halides

K. Habermehl, A.-V. Mudring,
(1Y (5775 N 4075-4078

The Last of the Five: the Elusive “Tanta-
lum(III) Bromide”, a Perovskite-Related
Salt, [{Tag}Br ,]Brs[TaBre]o se

Keywords: Bromides / Cluster complexes /
Tantalum

The elusive TaBrs, in fact TaBr,o4, is a
perovskite-related  salt, [{Tag}Br,]Brs-
[TaBre]o s62(13) = [Ti]O5[Ca], and thereby a
stuffed  derivative of its neighbour
{Ta¢}Brys = TaBr, s.

Porous Magnets

K. Imoto, D. Takahashi, Y. Tsunobuchi,
W. Kosaka, M. Arai, H. Tokoro,
S.-i. Ohkoshi* .......ccceeveereennnes 4079-4082

Humidity-Sensitive Magnet Composed of a
Cyano-Bridged Co"—Nb!V Dimetallic As-
sembly

Keywords: Cyano-bridged  assembly /
Humidity response / Cobalt / Niobium /
Magnetic properties

Magnetization / s
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Humidity Sensitive Magnet

A humidity-induced reversible change be-
tween ferromagnetism and antiferromag-
netism was observed in a cobalt octacy-
anoniobate based magnet. This humidity
response is caused by the adsorption and
desorption of non-coordinated water (so-
called zeolitic water) molecules in the inter-
stitial site. Such a phenomenon is achieved
by the structural flexibility of an octa-
cyanometalate-based magnet.
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The coordination of a series of chromo-
phoric pyridine derivatives to methyl-
trioxorhenium was studied. The stability
constants of the complexes in dichloro-
methane were determined and the catalytic
performance in the epoxidation of 1-octene
was tested. Moreover, the behaviour of the
compounds towards irradiation with UV
light was examined.

Methyltrioxorhenium Chemistry

S. A. Hauser, V. Korinth, E. Herdtweck,
M. Cokoja, W. A. Herrmann,

F. E. Kiihn* 4083—4090

Chromophoric Lewis Base Adducts of
Methyltrioxorhenium: Synthesis, Catalysis
and Photochemistry

Keywords: Rhenium / Homogeneous ca-
talysis / Photochemistry / Epoxidation /
Stability constants

Olivine-type LiCoPO, and LiNiPO,4 phases
without any Li—M disorder (between the
4a and 4c positions) and Li deficiency were
prepared from homogeneous Li—Co(Ni)-
—phosphate—formate precursors.
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LiMPOH (HCOO),.yH,0

M=Co and Ni
x~1+1.2 and 1.5<y>2.7

450 V \W:°C

Ordered Lithium—Metal Phosphates

V. Koleva,* E. Zhecheva,

R. Stoyanova 4091—-4099

Ordered Olivine-Type Lithium—Cobalt and
Lithium—Nickel Phosphates Prepared by a
New Precursor Method

Keywords: Lithium / Cobalt / Nickel / Or-
ganic-inorganic hybrid composites / X-ray
diffraction

Syntheses of bis(2 H-benzotriazol-2-yl)acetic
acid Hbbta (3) and sodium 3,3-bis(1 H-1,2,4-
triazol-1-yl)propionate Na[btp] (5) are re-
ported. Ligand 3 is a poor electron-donat-
ing ligand and forms x* complexes. The
1H-1,2,4-triazole-based ligand 5 forms co-
ordination polymers [Zn(btp),].. (8) and
[Mn(btp),].. (9). Deposition of one-dimen-
sional polymer strands of 8 on HOPG was
successful and was analysed by STM.
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Ligand Design

E. Hiibner, N. V. Fischer,

F. W. Heinemann, U. Mitra, V. Dremov,

P. Miiller*, N. Burzlaff* ........ 4100—4109
N,N,0 Ligands Based on Triazoles and
Transition Metal Complexes Thereof

Keywords: Scorpionate ligands / Tripod
ligands / Coordination polymers / Zinc /
Manganese / Ruthenium

The double perovskite SroFe;33Mo0q 6606
shows a substantial change upon con-
trolled H, reduction evidenced in its mag-
netic properties, which leads to the induc-
tion of non-negligible MR properties at
room temperature.
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Magnetic Double Perovskites

C. A. Lopez, M. C. Viola,
J. C. Pedregosa,* J. A. Alonso,

M. T. Fernandez-Diaz 4110—4120

Enhancing Magnetic and Magnetotrans-
port Properties by Topotactic Reduction of
the Sr,Fe; 33Mo0g 4606 Double Perovskite

Keywords: Double perovskites / Magnetic
properties / Hydrogen reduction
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A. Di Mauro, F. Lupo, A. Gulino,
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Multistep Anchoring Route of Lumi-
nescent  (5-Amino-1,10-phenanthroline)-
tris(dibenzoylmethane)europium(IIl)  on
Si(100)

Keywords: Monolayers / Luminescence /
Surface chemistry / Silicon / Metal com-
plexes
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A luminescent Eu'"' complex has been co-

valently anchored on Si via surface pre-
functionalization with NHS ester followed
by the nucleophilic substitution to the NHS
activated carboxylic group. The compari-
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son with different silicon prefunctionali-
zation proved the crucial role of NHS acti-
vation to maintain intact the Eu coordi-
nation environment.

Organometallic Fluorides

K. S. Coleman, J. Fawcett,
D. A. J. Harding, E. G. Hope,* K. Singh,
G. A. Solan™ .......coevvevvuerirunnnne 4130—4138

Routes to Ruthenium—Fluoro Cations of
the Type [RuL,(CO),F]* (n = 2,3; L = PR3,
NHC): A Play-Off between Solvent, L and
Weakly Coordinating Anion

Keywords: Ruthenium / Fluorides / Cat-
ions / Lewis acids / Phosphane ligands /
Carbene ligands / N-Heterocyclic carb-
enes / Weakly coordinating anions (WCAs)
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LA = BF3, PFs, B(CoFs)3
L = PRy, NHC

The reactivity of the difluororuthenium
complexes [RuF,(CO),(L),] (L = PR;,
NHC) towards a range of Lewis acids (LA)
has been examined in coordinating and
noncoordinating solvents. In a noncoordi-
nating solvent monofluoro cations can be
obtained. Addition of donor ligands (e.g.,
CO) generates the corresponding coordi-
natively saturated cation—anion pair.

Intermetallic Superstructures
S. Ponou® ........covevveieruenucnnnens 4139—-4147

On a TiNiSi-Type Superstructure: Syn-
thesis, Crystal and Electronic Structures of
CaAgGe and Its Mn-Substituted Deriva-
tive

Keywords: Solid-state structures / Inter-
metallic phases / Zintl phases / TiNiSi-type
superstructure

*hetero-nuclear’

CaAgGe and its Mn-substituted derivative
have been structurally characterized in a
superstructure of the TiNiSi type. Accord-
ing to the DFT band structure calculations,
the mixing of homo- and hetero-nuclear in-
teractions in the featuring atomic square
ladders are driven by the electron shortage,
and ascribe more electronic flexibility to
the system.

Copper Diimine Photosensititzers

T. Kern, U. Monkowius,* M. Zabel,
G. KNOr* ....veeeeeeeereeecreeencnnnens 4148—4156

Mononuclear Copper(I) Complexes Con-
taining Redox-Active 1,2-Bis(aryl-imino)-
acenaphthene Acceptor Ligands: Synthesis,
Crystal Structures and Tuneable Electronic
Properties

Keywords: Copper / Electronic spectra /
Solvatochromism / Charge transfer

Copper(I) complexes carrying bis(imino)-
acenaphthene ligands are introduced as
versatile new photocatalysts with low-lying
MLCT-excited states suitable for the vis-
ible-light driven accumulation of multiple
reduction equivalents at the 1,2-diimine li-
gand. Therefore, such Cu-based systems
may become an attractive alternative to
classical photosensitizers such as ru-
thenium polypyridine complexes.
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2 steps

Ph,P w@
2 40%

Ph,P-Cp™H

Ph,P—

R = Me (95%),
NHCMe; (41%)
An efficient two-step protocol towards a
novel highly crowded Cp-phosphane has
been developed, further reactions of which
gave a series of bisfunctional phos-
phoranyl-functionalized ligands. Further-

Ph2p<:@§ th

prd |
R

X = O (89%), Se (96%)
S (72%), NSiMe (52%)

‘

l@©/|=Pl1z
PPFTM

[DPPF""]Pd Hal,
Hal=Cl, 1

more, the title compound can be trans-
formed into a new chelating, electron-rich,

sterically demanding ferrocenyl-diphos-
phane dppf™ and its Pd complexes.

Bulky Cp-Phosphanes

A. R. Petrov, M. Elfferding, J. Mébus,
K. Harms, K. A. Rufanov,
J. Sundermeyer® .......cccoeeeenuee 4157—-4165

Discovery and Synthetic Value of a Novel,
Highly Crowded Cyclopentadienylphos-
phane Ph,P-Cp™H and Its Ferrocenyl-
Bisphosphane dppf™

Keywords: Phosphane ligands / Cyclopen-
tadienyl ligands / Sandwich complexes /
Phosphanes / Ferrocenes / Palladium com-
plexes

Cyano-bridged dinuclear {MnW}~ and
tetranuclear square {Mn,W,}>~ motifs re-
veal intermetallic magnetic coupling con-
stants Jyp,w ascribed to W—CN—Mn link-
ages arising from b or m vertices of the oc-
tacyanotungstate moiety of the trigonal
prism square-face bicapped geometry
(TPRS-8).
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Polynuclear Complexes

R. Podgajny,* T. Korzeniak,

P. Przychodzen, C. Gimenez-Saiz,

M. Rams, M. Kwasniak,

B. Sieklucka ......cccceceveevrennnnns 4166—4174

Magneto—Structural Correlations in Dis-
crete Mn''-W" Cyano-Bridged Assemblies
with Polyimine Ligands

Keywords: Manganese / Tungsten / Cyan-
ides / Molecular squares / Magnetic proper-
ties / Structure elucidation

Density functional theory predicts end-on
four-electron donor CE (E = O, S) bridged
structures to be preferred over the normal
two-electron donor CE bridged structures
for [CpMn,(CS),(CO);]. The lowest en-
ergy structure for [Cp,Mn,(CS),(CO),] has
one four-electron donor bridging n?-pu-CS
group, but is predicted to be unstable with
respect towards disproportionation. The
global minima of [Cp,Mn,(CS),(CO)] and
[Cp>Mn,(CS),] are triply bridged singlet
and doubly bridged triplet structures,
respectively, predicted to contain formal
Mn=Mn triple bonds. Higher energy
[CpaMn,(CS),] structures with bridging
acetylenedithiolate ligands are also found.

-
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Cp2Mn,(CS),(CO) Cp,Mny(CS),

Cp-Manganese Thiocarbonyls

Z.. Zhang, Q.-s. Li,* Y. Xie, R. B. King,*

H. F. Schaefer ITI .................. 4175—4186
Binuclear Cyclopentadienylmanganese
Carbonyl Thiocarbonyls: Four-Electron

Donor Bridging Thiocarbonyl Groups of
Two Types and a Bridging Acetylenedithio-
late Ligand

Keywords: Manganese / Cyclopentadienyl
ligands / Density functional calculations /
Metal-metal interactions / Metal thio-
carbonyls
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“Piano-Stool” Ruthenium Complexes

P. Singh, A. K. Singh* ............ 4187—-4195
“Piano-Stool” Complexes of Ruthenium-
(II) Designed with Arenes and N-[2-(Aryl-
chalcogeno)ethyllmorpholines: Highly Ac-
tive Catalysts for the Oxidation of Alcohols
with N-Methylmorpholine N-Oxide, tert-
Butyl Hydroperoxide and Sodium Per-
iodate and Oxychloride

Keywords: Alcohols / Chalcogens / Homo-
geneous catalysis / Oxidation / Ruthenium
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“Piano-stool”  ruthenium  complexes
[RuCl(n®-C¢Hg/m®-p-cymene)(L)][PF¢] have
been synthesized, characterized by X-ray
crystallography, NMR and IR spec-
troscopy, and CV, and tested in the cata-
lytic oxidation of primary/secondary al-
cohols with N-methylmorpholine N-oxide
(NMO), rBuOOH, NaOCl, and NalO,
(TON upto 9.8 X 10%). Ru'V=0 appears to
be the intermediate. The catalytic efficiency
of the ligands is Te >Se >S.

Iron-Containing Cages

J. Holub, M. Bakardjiev, B. Stibr,*
P. Stépnicka, I. Cisarova ......... 4196—4200

Synthesis and Electrochemistry of Cyclo-
pentadienyl Ferratricarbollides Substituted
by Me and Ph Groups on the Cage Carbon
Atoms

Keywords: Iron / Boron / Carboranes / Cage
compounds / Electrochemistry

X

H,

Neutral tricarbollide tautomers 7-/BuNH-
8,9-R,R"-nido-7,8,9-C;BgHy (R/R' = Me/
H, Ph/H, Me,, and Ph,) reacted with
[CpFe(CO),], to yield the corresponding
cage-isomeric, twelve-vertex closo ferra-
tricarbollides  [1-Cp-12-rBuNH-2,4-R,R’-
1,2,4,12-FeC3BgHg] (2) and [1-Cp-10-
BuNH-2,4-R,R’-1,2,4,10-FeC;BgHs]  (3),
whose Fe'l/Fe''' redox potentials are pri-
marily affected by the type of the ferra-
tricarbaborane cage.

Cyclodiphosphazanes

M. S. Balakrishna,* D. Suresh,

J. T. Mague ....ccoeereevucrncsnennens 4201-4210
Mono-, Bi-, Tri- and Tetranuclear
Palladium(Il), Copper(I), and Gold(I)
Complexes of Morpholine- and N-

Methylpiperazine-Functionalized Cyclodi-
phosph(IlT)azans, cis-[(tBuN-p),-
(PNC,HgX),] (X = O, NMe)

Keywords: Heterometallic complexes /
Cyclodiphosphazanes / Palladium / Cop-
per / Gold

Synthesis of homo- and heteronuclear
palladium(II), copper(I), and gold(I) com-
plexes of bis(amido)cyclodiphosphazane
ligands, cis-[(1BuN-p),(PNC4HgO),] and
cis-[(tBuN-p),(PNC4HgNMe),] is  de-
scribed.

* Author to whom correspondence should be addressed.

g Supporting information on the WWW (see article for access details).
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Vinigrol

A.D. Huters, N. K. Garg*
Synthetic Studies Inspired by Vinigrol i "
Vinigrol, a diterpene natural product, has been a fascinating o, B Ve, on
target for total synthesis for over two decades. This minireview /% . Me
describes recent synthetic studies that have ultimately allowed HO \H N - ‘ 4

access to the coveted vinigrol scaffold, including the approaches Me\ e

reported by Barriault, Njardarson, and Hanna, as well as the first — Chem. Eur J.
total synthesis of vinigrol, reported by Baran in 2009. DOI: 10.1002/chem.201000916

cuemstry | (IS
_-_— site
ANASIANJOURNAL | X Li, T. Fekner, M. K. Chan* q//H
KN COH
NS-(2-(R)-Propargylglycyl)lysine as a Clickable Pyrrolysine Ha s 4
) recognition o NH,
Mimic element p-Pra-e-Lys
Clickable copycat! Readily available dipeptide p-Pra-e-Lys is 11. UAG readthrough
identified using a modified fluorescence protein assay as a highly W ‘/‘7; 2: clicK reaction
efficient clickable pyrrolysine mimic. It is shown to incorporate 2 R—NJ\
into calmodulin in high yield to provide a handle for labeling 77/\\ /\/in Q
with an azide-containing coumarin. HN \/\/\Hlf s
o

protein-incorporated
Chem. Asian J.
DOI: 10.1002/asia.201000205

CHEM BIOCHEM

M. Breurken, E. H. M. Lempens, M. Merkx* S
Protease-A ctivatable Collagen Targeting Based on Protein -B%sr '\\l

Cyclization 7
Threading collagen through a protein needle: The collagen-bind- collagen -

ing protein CNA3S5 operates by wrapping itself around the colla- ChemBioChem

gen triple helix. By connecting the N and C termini through an DOI: 10.1002/cbic.201000223
MMP recognition sequence, a dual-specific MMP-sensitive colla-

e gen-targeting ligand is obtained that can be used for imaging ex-

tracellular matrix turnover.
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J. Chen,* S. H. Chen, D. Y. Lu, W. H. Zhang, F. Y. Xie,
W. G. Xie, L. Gong, C. X. Wang*

Pressure-Induced Structural Transition in WQO; Nanowires

Intensity /a.u.

Pressure —
Wavenumber/cm™'
£ O P G

Pressure-induced structural transition in WO; nanowires is fol-
lowed by Raman spectroscopic analysis (see picture). Upon in-
" e creasing the applied pressure, WO; nanowires undergo four
ChemPhysChem phase transitions at pressures around 1.7, 4.6, 21.5, and 26.2 GPa,
DOI: 10.1002/cphc.201000341 which are all less than those reported for bulk WO;. At a pres-
sure of 42.5 GPa, a new high-pressure phase appears, which has
never been reported and is not reversible while unloading pres-
sure.

O F. M. Sabbatini,* R. Di Fabio,* M. Corsi, P. Cavanni

5

N’N CF3 S. M. Bromidge, Y. St-Denis, L. D’Adamo, S. Contini
H M. Rinaldi, S. Guery, C. Savoia, C. Mundi, B. Perini,
~ | A.J. Carpenter, G. Dal Forno, F. Faggioni, M. Tessari,
N CF3 F. Pavone, C. Di Francesco, A. Buson, M. Mattioli, E. Perdona’,
ChemMedChem S. Melotto

DOT: 10.1002/cmdc.201000185 Discovery Process and Characterization of Novel

Carbohydrazide Derivatives as Potent and Selective GHSR1a
Antagonists

Ghrelins: don’t feed them after dark! A novel class of highly
potent and selective growth hormone secretagogue receptor la
(GHSR1a) antagonists has been identified. The synthesis and
preliminary biological investigation, both in vitro and in vivo is
described. This compound series is a useful tool for further un-
derstanding the role of GHSR1a and may provide new ap-
proaches for the treatment of a number of pathological condi-
tions associated with eating disorders.

y D)4 5
1(‘ ) U\l O S. Enthaler*
Copper M aliadus Ammonia: An Environmentally Friendly Nitrogen Source for

O/NHZ Primary Aniline Synthesis

O catalyst Got ammo? In the search for sustainable and environmentally
ChemSusChem benign primary aniline synthesis, the application of ammonia in-
DOI: 10.1002/cssc.201000145 stead of currently applied ammonia surrogates is one major chal-

lenge in catalysis. Recent efforts in palladium- and copper-cata-
lyzed transformations of ammonia to anilines are discussed in
this Highlight.

1 mol% cat
1.1 equiv. silane
THF, 60 °C, 1h OH . K
RoR T A _, N.A. Marinos, S. Enthaler, M. Driess*
work-up R" "R
NaOH, MeOH

High Efficiency in Catalytic Hydrosilylation of Ketones with
Zinc-Based Precatalysts Featuring Hard and Soft Tridentate
0,S,0-Ligands

That zinc-ing feeling: A new type of hard and soft tridentate
0O,S,0-ligands in combination with auxiliary amines have been
successfully employed in zinc-catalyzed hydrosilylation of various
ketones. Good catalytic activity is obtained with low catalyst
loading for several silanes. Variation of the amines indicates a po-
tential catalytic mechanism.

ChemCatChem
DOI: 10.1002/cctc.201000036
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J. Tuma,* N. P. Ernsting* /N 4 _\/N ,,,,,,,,,,, u= Ny
2-Aminopurine Incorporation Perturbs the Dynamics and ( N o>/_ N\
Structure of DNA
Vive la petite différence: 2- Aminopurine (2AP) induces small K=28P; T e
but detectable perturbations of the DNA helix. More significant “YN H 2
are changes in the base-pair dynamics in the vicinity of 2AP. The Ned Ny H_N>_\§,H

s differences have been characterized in NMR and UV spectro- ( /7 N\= >/—N\

scopic studies on a 13-mer DNA double strand with either ade- NHeO0 g

I

nine (A) or 2AP in a central position. Angew. Chem. Int. Ed.

DOI: 10.1002/anie.201001312

A. Kraszewska, P. Rivera-Fuentes, G. Rapenne, J. Crassous,
A. G. Petrovic, J. L. Alonso-Gomez, E. Huerta, F. Diederich,
C. Thilgen*

Regioselectivity in Tether-Directed Remote Functionalization —
The Addition of a Cyclotriveratrylene-Based Trimalonate to C,
Revisited

Triple Bingel addition of enantiomerically pure cyclotriveratry-
lene-tethered trimalonates to Cg, was reinvestigated with regard
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Alkynes

The use of low-valent nickel complexes in homogeneous
catalytic reactions of some industrially relevant trans-

formations that employ low reactive substrates are pre-
sented.

Introduction

The activation of unreactive bonds has been a topical
issue for a number of years and still represents a challenge
in organometallic chemistry and catalysis, particularly in re-
search areas dealing with the functionalization of C-C, C—
H, C-S, C-N, C-F, C—Cl and C-O bonds.[" The refractory,
pseudo-halogen C-CN bonds are also considered among
these. As an example, the C-CN bond in CH;CN is
stronger than the related C-F bond in CH;F (122 vs.
108 kcal/mol).) With the use of the right metal moiety
however, the C-CN bond in several organic substrates can
be cleaved and functionalized or isomerized effectively.
Their activation is of major relevance in both industry and
in laboratory scale, allowing the preparation of bulk chemi-
cals, as well as fundamentally important organic and orga-
nometallic intermediates.

In industry, adiponitrile (AN) is synthesized by the cata-
lytic double hydrocyanation of butadiene. As discussed be-
low (vide infra) one of the key steps in the process consists
on the isomerization of the branched 2-methyl-3-butene-

[a] Facultad de Quimica, Universidad Nacional Auténoma de
Meéxico,
México, D.F. 04510, México
E-mail: juvent@servidor.unam.mx

nitrile (2M3BN) to the linear 3-pentenenitrile (3PN), a pro-
cess that involves the cleavage and formation of a C-CN
bond (Scheme 1). The AN is considered relevant for the
industry being the precursor of 1,6-hexamethylenediamine,
which is then used to obtain Nylon 6,6.0

Despite the relevance of this reaction, there are still many
mechanistic details to be determined and fully understood,
several of which remain buried in patents. Inspired on these
facts, our group has been involved in the study of the isom-
erization reaction of nitriles. The latter study has been un-
dertaken concertedly with other related useful transforma-
tions that involve alkyl and aromatic nitriles, as is the case
of their catalytic hydration. The coordination mode of ni-
triles to low-valent nickel has been an invaluable tool to
understand their reactivity and this been exhaustively exam-
ined. Finally, additional studies by the group concerning
the reactivity of the nickel moieties assisting the catalytic
desulfurization of refractory organic substrates is also ad-
dressed in the current review in the context of related stud-
ies by other research groups.

1) Nitrile Isomerization

As mentioned above, the process for AN production in-
volves the catalytic hydrocyanation of butadiene, a process
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Scheme 1.

that makes use of low-valent nickel complexes and a triaryl
phosphite as ancillary ligand. In it, the first HCN addition
typically yields a mixture of 3PN and 2M3BN, the latter of
which is an undesirable branched product. Isomerization in
situ of 2M3BN to 3PN by the Ni® catalyst yields the prod-
uct cleanly. The mechanistic details of such transformation
have been studied by different research groups. Sabo-Eti-
enne and coworkers proposed a catalytic cycle for the isom-
erization of 2M3BN to 3PN based on DFT calculations
(Scheme 2).1

The same report includes experimental results where the
isomerization reaction took place in 100% conversion after
3 h, at 100 °C when using [Ni(COD),] as catalyst precursor
and triphenylphosphane as ancillary ligand. 3PN was ob-
tained in 81% yield. The allyl complex, [Ni(PPh;)>(n3-1-
MeC;H,)(CN)], analogous to E in Scheme 2 was detected
in solution in the actual experiment. A derivative of such
compound bearing the diphosphane, dppb, was expressly

prepared thus allowing to fully confirm the C—-CN bond
cleavage by nickel, using single-crystal X-ray crystallogra-
phy.

Vogt’s group has also made relevant contributions in this
field using low-valent nickel compounds with diphosphanes
or diphosphonites,>® which result in high conversions
above 90% and selectivities in the range of 63-82% to the
linear 3PN (Scheme 3).

The use of DPEphos, 2-(diphenylphosphanyl)phenyl
ether, and ZnCl, allowed to crystallize and fully character-
ize the complex [Ni(DPEphos)(n3-1-MeC;H4)(CN-ZnCl,)],
which is similar to the complex depicted above. In this case,
the Lewis acid moiety appears coordinated to the terminal

Ni(COD), + 2 PH,

—2CoD
3PN 2M3BN
Ni(PH,),
A
H,P.., CN
Ni
7 H,P.,,
H,P 5 /Nigﬁ\
H H.P
CN 3
B
o T
HyP.. \_\ :': N _\—
NI » HPT - c”
~g e 3
H,P C N
c N c
H.P \\/ HPo, o N
NI INI,
wp”  YCN Hp”  TCN
3 D
F
CN
HpP.. ~
N

Scheme 2.
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RS

CN ligand. Kinetic determinations allowed this group to PPH PPh I PPh,
propose that the isomerization reaction (branched to linear) 2 2 D\/pph
; : . NG _PPh, 2

is zero order in substrate, contrary to the observations by

Santini et al.,l”? while studying the reaction in a variety of DPPX ((+)-BDPMCH (+)-CBC
ionic liquids and in the presence of various low-valent 89% conv. 95% conv. 97% conv.
nickel-phosphanyl compounds. The group also reported the 93% 3PN+4PN 83% 3PN+4PN 88% 3PN+4PN

isomerization process to be first order in substrate, thereof
suggesting an associative mechanism for the reductive elimi-

nation. /Q t

Recently Vogt et al. documented the use of Ni® catalysts O 0
in the selective hydrocyanation of butadiene toward pen- p’
tenenitrile using a triptycene-based diphosphane ligand ©/ @ @

which resulted in extremely high selectivities to 3PN (up to

98%).1%1 In the absence of HCN the same system allowed
95% conv. 90% 3PN

the isomerization of 2M3BN to 3PN with both high conver- 97% conv. 88% 3PN
sions and selectivities (Scheme 4). A recent review devoted ) ) ) )
to mechanistic studies on hydrocyanation reactions has A water soluble version of this reaction has been regis-
been recently published by the same group.”) j[ered by Mathey and collaborators, which also gives 3PN
There are several patents where the use of [Ni(COD),] In good yields.!?
and phosphorus-based ligands have been reported for the PO, Na
same isomerization reaction. Chamard et al. patented the @
use of bis(diarylphosphanes) with yields over 80% of 3PN
and 4PN.[' Some of the phosphanes used in this study are P<_0
depicted below. ©/ \E/)\po3 Na
Also, the use of bis(triaryl phosphites)!!'] and bis(diaryl
arylphosphonites)l'?l in the production of 3PN from The C-CN activation in closely related cyano olefins of
2M3PN has been patented by Bartsch and coworkers. shorter chain length such as allyl cyanide has been reported
[Ni(COD),] /L
N dioxane /\/\CN

HCN O
85% conv
95% 3PN 4
L=
oy NCoD)IL O’w

= dioxane
— Xy P(Ph), P(Ph),

100% conv
98% 3PN

Scheme 4.
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by Jones et al.,['*!3] using the nickel(I) dimer [Ni(dippe)(u-
H)], (dippe = 1,2-bis(diisopropylphosphanyl)ethane). The
products of C-H and C-CN activation were observed dur-
ing such studies, summarized in Scheme 5, the latter studies
demonstrated that the C-CN activation step is thermody-
namically less favorable than the C-H activation, but be-
comes rate competitive when the temperature is increased.

The C-CN bond cleavage/formation involved in the
isomerization of 2M3BN to 3PN has also been studied by
our group, using Ni® complexes or Ni' catalyst precursors
and a variety of ligands. We first reported the catalytic
isomerization of 2M3BN using [Ni(COD),] and 1,2-bis(di-
phenylphosphanyl)ferrocene (dppf)1'® in the absence and
presence of Lewis acids. Detailed VT-NMR studies revealed
the intermediacy of Ni! allyl complexes and the use of
Lewis acids (Scheme 6), particularly BEts;, allowed the
crystallization and  complete characterization  of
[Ni(dppf)(n3-1Me-C5H,4)(CN-BEt;)]. The best results for
the isomerization reaction were however obtained in the ab-
sence of Lewis acids and up to 100% conversion, with a
selectivity of 83% to 3PN.

The use of other bis(diphenylphosphanyl)ferrocene li-
gands also gave very good conversions and selectivities to

W e ﬂ%

[Ni(dippe)(H), +
| [D ]THF

oy 4 \F

Scheme 5.
<=7 P,
i -COD
Fe + [NICOD),] __———___ Ni(coD)(dppf)]
@P(Ph)2 THF
Scheme 6.
4066 www.eurjic.org

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

N

dppf-N

3PN.I'1 Noteworthy, the combined use of rBuppf and
ZnCl, allowed the crystallization of a novel hemilabile
intermediate, likely involved in the isomerization reaction

leading to 3PN.
X% /CI
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N

=\
@P/Niﬁ/

(Ph),

We then extended that study to the use of [Ni(COD),]
and a variety of N-heterocyclic carbene (NHC) ligands for
the same isomerization reaction.!'®!

The use of the bulky N-aryl NHC ligands, NHC-1 and
NHC-2, generally afforded very active catalytic systems
which led to the formation of the branched isomers of
2M3BN and with almost zero selectivity toward linear 3PN.
Their formation stems from the competing C—H bond acti-
vation process. The fluorinated ligands (NHC-3 to NHC-5)
yielded very unstable Ni® species that ultimately resulted in
rapid decomposition.

pva

R
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2M§BN (Ph),
Lewis Ac.

con &7 P

—_—

o, S
Fe Ni
THE @E;g )}?/

LA =ZnCl,
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On using other P-donor polydentate ligands we explored
the reactivity of Ni’ complexes with triphos, bis[2-(di-
phenylphosphanyl)ethyl](phenyl)phosphane, for the isomer-
ization of 2M3BN.["l The C-H bond activation was also
favored for this system, mainly to yield the branched iso-
mers E- and Z-2M2BN. To our surprise, a C—P bond cleav-
age reaction took place over the triphos ligand under rela-
tively mild conditions. The latter activation results in for-
mation of a very stable Ni'' complex that halts all catalytic
activity.

The isomerization reaction of 2M3BN using the nickel(T)
dimer [Ni(dippe)(u-H)], was studied using different sol-
vents.[?% On increasing the solvent polarity, the ratio of C—
H activated branched products to C-CN activated linear
products increased. The latter was attributed to a better sol-
vation of the C—H activation transition state.

Similar experimental methodologies employing Ni®, allyl
cyanides and alkynes have been applied to the production
of antibacterial natural products>!l via carbocyanation re-
actions,>?l which have recently been reviewed.[>’] Additional
examples consist on the cyanoesterification of 1,2-dienes**
and the asymmetric arylcyanation of unactivated olefins via
C-CN bond activation.?!

2) Nitrile Functionalization

Due to the fact that nitriles are useful building blocks for
a wide number of organic derivatives, >8] we decided to ex-
plore the reactivity of a variety of nitriles in the presence of
Nil complexes, aiming to produce Ni® intermediates that
could be useful for the functionalization of such substrates.
A general reaction that summarizes this reactivity is de-
picted in Scheme 7.

iPry iPry iPr, iPry
P" H_ P —H P Ah p_ CN
N 2 N N » v N
(NN ) +Ron — 22— (Ol —— N
p° WP A N B P
iPr iPr iPr R iPr
2 0 2
1 3
R = aryl; alkyl; heterocycle
Scheme 7.

Step A was confirmed to proceed for all nitriles used, i.e.,
the reductive elimination of H, and the formation of Ni°
complexes was always observed. Following this one, the re-

Eur. J. Inorg. Chem. 2010, 4063-4074
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activity leading to the nitrile oxidative addition, step B, was
thermally or photochemicaly induced for aryl-, heterocyclic
and small alkyl-substituted nitriles.

Indeed, our first discovery in this field was the reaction
of complex 1 with benzonitrile to yield the Ni’ complex
[Ni(dippe)(m>-NCPh)] (2), then followed by the oxidative
addition product [Ni(dippe)(CN)(Ph)] (3).27 Both were iso-
lated and characterized by sigle-crystal X-ray diffraction.
Worthy to note is that a key difference of this system with
other closely related, was the reversibility showed by the
oxidative addition process,”®! which permits to generate
complex 2 when starting from complex 3.1*°! Kinetic studies
performed for the oxidative addition reaction further al-
lowed to corroborate the polar character of the Ni—C bond.
We extended the scope of this reaction to other substituted
aromatic nitriles, aromatic dinitriles and to nitrile substi-
tuted aromatic heterocycles.?”! The n?-coordination of alkyl
nitriles to the low-valent nickel center was also demon-
strated (see Scheme 8).3!] The oxidative addition of the C—
CN bond was dependent on chain length and ramification
of the alkyl substituent of the alkyl nitrile and was found to
proceed irreversibly either under thermal or photochemical
conditions. For larger nitriles such as adamatyl-substituted
nitrile, the oxidative addition was completely inhibited.
Interestingly, the use of Lewis acids also inhibited the C-
CN bond activation, probably due to stabilization of the
nickel(0) intermediates.

DFT calculations on the cleavage of either the C-H bond
or the C—CN bonds in acetonitrile allowed to corroborate
that the C—CN bond activation route is both kinetically and
thermodinamically more favorable in the presence of
nickel(0).3? The calculated activation route predicts forma-
tion of a weekly bound n3-nitrile intermediate that involves
the vicinal carbon atoms of the C—~CN moiety, following the
initial n2-coordination step. Similarly, recent experimental
and theoretical evidences for the C—CN bond activation of
benzonitrilel*¥ and other aromatic nitriles®*! point out to a
slip of the n?-coordinated CN bond to an adjacent double
bond of the aryl substituent, which results in formation of
an nZ-arene intermediate. Migration of the nickel(0) moiety
around the ring constitute a series of crucial steps that pre-
cede cleavage of the C-CN. Closely related reactions that
make use of the NHC carbene nickel complexes have been
reported by Radius and coworkers.!>!

Inspired in the formation of n>-nitrile compounds of
nickel(0) we decided to explore the reactivity of these com-
4067
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Scheme 8.

plexes in reactions of synthetic interest both in the labora-
tory scale and in industry, starting with the catalytic hy-
dration of benzonitrile and acetonitrile.*® The use of com-
plexes of the type [(diphosphane)Ni(n>-NC-R)] (R = phenyl
or methyl; diphosphane = dippe, dtbpe, dcype) as catalysts
for the latter reactions, permitted the preparation of benz-
amide or acetamide in good yields. A mechanistic proposal
for this process includes a N,N-dihydro-C-oxo-biaddition
step, see Scheme 9.

iPry iPry
P\ H\ zP
NIZ=N] j
P" H P
iPry iPry
1
N=C—R
Ha
iPry
P\
[ /NI—III
RCONH, N H,0
iPry R
(2,4
iPI’z
R—C=N P N-H
C N8 on
P X
fPrz R
Scheme 9.

This nitrile hydration methodology developed for the
benzonitrile and acetonitrile was further extended to closely
related substrates. In the case of aryl-substituted nitriles, the
former was also established for 1,2-, 1,3- and 1,4-dicya-
nobenzenes. Formation of the 1,3- and 1,4-cyanobenz-
amides was demonstrated at 120 °C. Heating to more a ele-
4068
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vated temperature (180 °C) resulted in quantitative pro-
duction of the corresponding 1,3- and 1,4-dicarboxylic ac-
ids and free ammonia. In the case of 1,2-dicyanobenzene,
only 1,2-phthalimide was obtained at either temperature li-
mit.7]

The catalytic hydration methodology was further opti-
mized for alkyl-nitriles and dinitriles of variable chain
length making use of p-toluenesulfonic acid (PTSA) as co-
catalyst of the hydration reaction, in addition to nickel(0).
Additional proofs for the relevance of the latter oxidation
state for catalysis were provided by comparing its reactivity
with those of related nickel(IT) catalyst precursors. The cor-
responding diamides were obtained selectively, yet strongly
dependent on the length of the internal carbon chain of the
starting dinitrile. The best catalytic results were obtained on
using nickel(0) compared with the use of Ni'l precursors.[*%]

According to the lower part of Scheme 8, N-heterocycles
containing nitrile substituents produced the corresponding
n2-nitrile compounds of Ni®. We successfully applied the
catalytic hydration methodology to the formation of 2- and
3-quinolinecarboxamides derived from the corresponding
2- and 3-cyanoquinolines.*! Similar results were also dem-
onstrated for the 2-, 3-, 4-cyanopyridines and the 2,6-di-
cyanopyridine. From these, selective entries to the mixed
cyano/amide in addition to the corresponding dicarboxam-
ide, which are derived from the 2,6-dicyanopyridine were
established.[*!

The hydrogenation of n2-coordinated nitriles to nickel(0)
was also studied as a relevant proof of their functionaliza-
tion, catalyzed by this metal. Benzonitrile was completely
hydrogenated in THF solution under relative mild condi-
tions, resulting in formation of benzyl-benzylimine in 97%
yield. The hydrogenation of the related dicyanobenzenes re-
quired more forceful conditions in order to yield the corre-
sponding imines, as was the case of the 1,4- and 1,3-di-
cyanobenzenes. Surprisingly, the 1,2-dicyanobenzene did
not elicit any reactivity at all under similar conditions
(Scheme 10).41
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3) Hydrogenation and Activation of Related
Multiple Bonds

The hydrogenation of imines to produce amines was un-
dertaken inspired on the success of the hydration and hy-
drogenation methodologies developed for mono- and dini-
triles, discussed above. Since amines are important building
blocks in the pharmaceuticals and fine chemicals indus-
try*?! the demonstration of novel, efficient, atom-efficient
synthetic routes continues to be of widespread interest. As a
first approach we focused on the preparation of fluorinated
amines, due to the distinctive advantage that the fluoro
groups offer for the follow-up of the reactions, in addition
to the characterization of the products themselves. Inciden-
tally, the preparation of pure fluoro-substituted arylamines
finds added value in pharmacology, due to their potential
use in novel therapies.[*3]

We initially explored the coordination of fluoro imines
to nickel, to yield the expected nickel(0) complexes of the
type, [(dippe)Ni{n>(N,C)-PhHC=NAr""}], wherein Arf”
refers to the increasing degree of fluorination exhibited by
the N-aryl moiety (n = 0, 1, 2, 3, 4, 5), see below.[*¥]

J\F%\ N I:n
( N|—||
L

The use of such compounds in catalysis, under low hy-
drogen pressure and in the presence of excess fluorinated
imines resulted in high conversions of the latter into their
corresponding amines. The compounds were prepared from
1 in situ, and required very small thermal energy input to
drive the catalysis. The best yields were obtained on using
a coupled hydrogen transfer system in methanol in addition

n=(0,1..5)

Eur. J. Inorg. Chem. 2010, 4063-4074

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

SNH
o g
CN N

[Ni(dippe)Ha]
NR"
Ph H
A \)\ NR'

/ /RN
P N\
\( >\ \EP/N\H H)\\Ph
RNH-CH,Ph /k 3\/OCH2
(3 A%h
AIN-CH-Ph e
~-k (
N CH2 -Ph
HJLH
- CH;0H ._)j\ (
)\ OCH3 \ /"‘o
(P \(P>/_ \H ): “H
\( H
Scheme 11.
www.eurjic.org 4069



MICROREVIEW

A. Arévalo, J. J. Garcia

to the use of H, pressure, which enabled methanol regenera-
tion (Scheme 11).14

Indicated in Scheme 11, the reduction of formaldehyde
occurs under the reaction conditions wherein the k>-coordi-
nation of the carbonyl to nickel(0) mimics the n?-coordina-
tion of the imine. Interested by the generality by which -
systems react with the low-valent nickel, we also examined
the coordination of carbonyl moieties to nickel(0) and their
reduction using a series of ketones and 1,2-diketones. That
the partial and total reductions of carbonyl groups are rel-
evant transformations for the preparation of alcohols or al-
kanes, further add value to the study. It’s worthy noting
that the use of nickel in this type of reductions is relatively
scarce.*®l As found, a variety of ketones react spontane-
ously in the presence of 1, forming the corresponding
nickel(0) complexes with a m2-coordinated C=0O bond
(Scheme 12). The results coincide with the structural feature
indicated in Scheme 11 for the coordination of formalde-
hyde.[*”] When benzyl was used as the starting material the
double n-coordination of the carbonyl moieties to two in-
dependent nickel(0) centers was observed. In addition to
this, a x?-O-coordinated oxidative addition product was
formed. Both complex were fully characterized in solution
and in the solid state, by single-crystal X-ray diffraction.

[Dgltoluene \( T
o) or [DEITHF o P
[(dippe)Ni(u-H)l, + _ . NiLp/
1 RT R H, RIT Rz AT
R'=R2=Ph
R'= Ph, R2= (4-Me)Ph
R'=Me, R2= Ph
R'=R?=Me

R'= R2= 0,0"-biphenyl

Scheme 12.

Reactivity studies performed over these complexes
towards H, reduction revealed the ketones could be con-
verted selectively to the corresponding alcohols or even
more strikingly, to the related alkanes. For diketones like
benzyl, a B-H elimination process was found to play an im-
portant role competing with the hydrogenation route,
thereby rendering the benzyl hydrogenation a product-in-
hibited process.

In the aim of extending the applicability of the reduction
methodologies described above for n?-coordinated m-sys-
tems, we then turned to the use of CC multiple bonds as
targets for such reactions. We envisioned the use of alkynes
to behave similarly to nitriles (vide supra) and indeed, the
analogous nickel(0) compounds with formula [(P-P)Ni(n?-
C, C-alkyne)] (P-P = dippe, dtbpe) were prepared from the
parent dimeric nickel(I) compounds, [(P-P)Ni(u-H)J,.[48!
4070
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We explored the reactivity of the former compounds in
the presence of a) water, b) triethylsilane/water and ¢) meth-
anol, as hydrogen sources. The results showed that the selec-
tive production of the corresponding cis- or trans-alkene
from the corresponding alkyne is feasible under such condi-
tions, in high yields. On using water, a metal-mediated pro-
cess was found. In the case of the mixture of triethylsilane/
water or when using methanol only, the reduction of the
alkyne occurred catalytically (see Scheme 13).14]

RZ
Ph
P H,0
Ph Il ---Ni j
/ Ph R2
Ph
(|)H
Ph._H 7 "Ph WP
P N
|---N1/> Ph H 'T'\P
Ph” >y P -
pn’  Ph
P i P>
Ph ~p HO\Ni/P
| Ph ~p
Ph—H Et;SiH |
Ph—H
Et;SiOH
1/2 (Et3S1)0  + 42 H,0
Scheme 13.

4) Use of Low-Valent Nickel Compounds in
Desulfurization Reactions

Following the interest of our group on the modeling of
hydroprocessing reactions such as the hydrodesulfurization
(HDS) reaction, we recently addressed the use of Ni% Ni!
and Ni'f complexes as catalyst precursors for reactions lead-
ing to the desulfurization of dibenzothiophenes (DBTs),
methyldibenzothiophenes (MeDBTs) and of their derivat-
ized sulfones, via cross-coupling reactions.

Initially, the reactivity of [(dippe)Ni(u-H)], in the pres-
ence of dibenzothiophenes was explored by Vicic and
Jones,P” who at the time were able to isolate thia-nickela-
cycles resulting from the C—S bond cleavage of dibenzothio-
phene and 4-methyldibenzothiophene. In all cases, the latter
complexes led to desulfurization products under stoichio-
metric conditions albeit in low yield (Scheme 14).

Inspired in these results and considering the use of Ni°
catalysts and Grignard reagents for the production of chiral
1,1’-binaphthyls driven by the asymmetric cross-coupling of
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dinaphto[2,1-b:1",2'-d]thiophene and in 1,9-disubstituted
DBTs reported by Hayashi and coworkers,°!1 we investi-
gated the reactivity of 1 and of [Ni(PEts),] in the presence
of DBTs and Grignards. In all cases the reactions yielded
substituted biphenyls via homogeneous catalytic desulfur-
ization (Scheme 15).°?1 The desulfurization yields for DBT
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and 4-MeDBT were in most of the cases very high, up to
100% in toluene. Noteworthy, when alkyl Grignards with
hydrogen in the B-position were used, formation of biphenyl
was favored over the C-C cross-coupling that yields the di-
alkyl-biphenyl.

In the case of 4,6-Me,DBT, the catalytic turnover of the
process was in general low, being the most encumbered sys-
tem of the three addressed. The latter is explained on the
basis of the large steric hindrance that the substrate, the
Grignard reagent and the ancillary ligand oppose to each
other. A proof of this conclusion, the best desulfurization
result was obtained using [Ni(PEts),] as catalyst precursor
instead of the diphosphane-nickel systems, additionally
using MeMgBr in toluene. For all the desulfurization ex-
periments performed, the formation of MgS yields the driv-
ing force of reaction. The isolation and characterization of
the latter sulfide was ensured during the study, confirmed

C and E) as true intermediates was unequivocally estab-
lished. As encountered, the simultaneous formation of all
of these species takes place in solution, prior to the final
desulfurization step and thus suggesting bimetallic assist-
ance of metal centers during HDS.4

Closely related to the previous systems, the desulfuriza-
tion reaction of the DBT-sulfones using low-valent nickel is
currently being undertaken by our group, the oxidation of
DBTs to their respective sulfones being a method employed
by the industry to facilitate their separation from the main
petroleum feedstock. As a result of the above, to this date
we have only partially disclosed our findings on this chemis-
try, having found that the sulfones can also be desulfurized
via C-C cross coupling reactions which produce sulfur-free
biphenyls. The reactions are also run using Grignard rea-

to be formed in every experiment. A comprehensive mech- R!' O Rz +MeMgBr R R' g- R?
anistic proposal that illustrates the C—C cross coupling reac- & [Ni] + MgS
tion along with and the B-elimination of hydrogen that G 0 < > <\ §
& . B . ydarog . (1 mol-%) + MgO
leads to the formation of biphenyl, using low-valent nickel
is included in Scheme 16.53! R'=H R2=H 21 = : S§= u
. . . 1= 2 = = =
.Fro.m the intermediates proposed in the two cycles., the 21 Z Il\-l/le EE?\A/IZ R'=Me R2= Mi
thia-nickela-cycle A and others were recently prepared inde- R' = Me
pendently, isolated and characterized. Furthermore, the
participation of the thiolate-dinuclear complexes (species B, ~ Scheme 17.
R R R R
P. H_ P
N 7N 7
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R R R R
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gents and perform well with the use of both Ni(I) and
Ni(II) catalyst precursors (Scheme 17).157

The mechanistic proposal invoked for this process is sim-
ilar to the one in Scheme 16 for dibenzothiophenes (see
Scheme 18). Independent reactivity and structural evi-
dences obtained by our group using model platinum com-
plexes for the desulfurization of sulfones have ruled out a
reduction of the latter substrates to give the precursor DBTs
that then react following the pattern in Scheme 16. Instead,
the studies confirm the intermediacy of a nickela-cycle de-
rived directly from the sulfone, complex B, illustrated in
Scheme 18. We thereof propose this parallel route to be the
active one for sulfones.’® Related to this, similar C-S acti-
vation reactions using nickel(0)-NHC complexes have re-
cently been reported by Radius and coworkers.[>”!

Scheme 19 summarizes the findings outlined in the cur-
rent review, on the use of Ni(I) and Ni(0) complexes as
active species for catalysis. Their use allows entry to novel
and convenient methodologies for the preparation of a wide
variety of organic compounds, relevant for both industry
and academia.

(o)

R*NHz

N
(0]
ﬂ ok

Rf

\—NH
OH

R R andlor R)\

(0)2
R-MgX

[(dippe)NiH],

z/g

0
=
Q
x

R

Scheme 19.

Conclusions

Several examples have been given that illustrate that low-
valent nickel complexes are effective catalyst precursors for
an important number of useful transformations. The use
of nickel, being an inexpensive metal, under relatively mild
reaction conditions and in atom-efficient processes makes
these transformations attractive for both industrial and aca-
demic landscapes, under green chemistry guide lines. Fur-
ther studies are underway in our research group to extend
the current methodologies with this metal for sustainable
chemistry.
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The Last of the Five: the Elusive “Tantalum(III) Bromide”,
a Perovskite-Related Salt, [{Ta6}Br12]Br3[TaBr6]0.86
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The system Ta/Br contains, according to a phase diagram de-
termination of 1965, five compounds. The crystal structures
of TaBrs;, TaBr, as well as of TagBr;s and TagBry, are known.
The elusive “"TaBr;" was now obtained as single crystals from
the reduction of TaBrs; at the wall of the tantalum reaction
container in the presence of a NaBr or RbBr flux. Its structure
is that of a stuffed derivative of the structure of TagBry5. As

this is related to the ReO;-type of structure, “TaBr3" is related
to the perovskite-type of structure, in accord with the formu-
lation [{Tag}Bry,]Brs[TaBrgo.g62(13) = [Ti]Os[Ca], with an un-
der-occupation of the cuboctahedral site. With the composi-
tion TaBr, o, it represents the lower end of a homogeneity
range TaBrz , once reported.

Freshmen textbooks suggest that the chemistry of
niobium and tantalum is very similar if not identical, sub-
ject to lanthanide contraction. For the highest oxidation
state, +5, this is approximately true. For lower oxidation
states there are many dissimilarities as Table 1 shows for
the halides. Most of the phases known from phase diagram
determinations have been analyzed by single-crystal X-ray
diffraction. Although the general picture is already known
since the 1960’s,[!! there are many open questions.

Table 1. Oxidation states and compounds in the Nb/Ta—Cl/Br/I sys-
tems (symbols printed in bold indicate structure determinations
from single crystal data).

Nb-Cl Ta-Cl Nb-Br Ta—Br Nb-1 Ta-1
+1.83 Nbelyy
+2.33 Nb6C114 Ta6Br14 T36114
+2.5 Ta6C115 Ta6Br15
+2.67 Nb3cls Nb3Bl’8 Nb3ls
+3 TaBrs_,
+4 NbCl4 TaCl4 NbBr4 TaBl'4 NbI4 TaI4
+5 NbC15 TaCls NbBrs TaBl's Nb15 Tals

All pentahalides MX5 (M = Nb, Ta; X = Br, I) contain
dimers consisting of edge-connected octahedra, ‘[MX,/,-
Xoplo. As they may be understood as closest packings of
halide spheres with 20% of the octahedral voids filled, al-
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though, with the constraints that they are adjacent and
share a common edge, there are many possible structures.
Theoretical considerations concerning the possible struc-
tures have been undertaken by Miiller quite a while ago.™
We have recently obtained untwinned crystals of Tals;[! it
has a crystal structure which had been determined earlier
from data obtained from a disordered crystal.”! The crystal
structure of TaBrs was also recently determined.! Hitherto
there were only powder datal® which led to the wrong as-
sumption that TaBrs would be isostructural with NbBrs.

Tetrahalides MX, appear to be known in all M—X sys-
tems. Except for Taly, they seem to all contain chains of
trans-edge-connected octahedra, [MX4/,X5/1].. This has
now been confirmed for TaBr,.[! Surprisingly, Tal, consists
of face-sharing octahedral dimers which are connected by
one edge to tetramers, [I3,Ta2(Iz;»),Tally;(I5),1,Tal-
(I55),Ta2l5,,] = Tayl;6.l"M In all of these, M—M single bonds
can be allocated, both by distance considerations and by
theoretical calculations.

Tri- and dihalides do not exist, except for “TaBr;” (see
below). The lower oxidation states are characterized by tri-
gonal and octahedral clusters, respectively. Trigonal clusters
are known only for the niobium halides Nb;Xg, the ni-
obium triangle held together by three single bonds. These
have been well characterized by crystal structure determi-
nations and other measurements.8! All of the MX,4- and
M¢Xs-type halides contain octahedral clusters of the
{M¢g} X 5-type with connections via halide bridges accord-
ing to {Mg}X' 10X X" Xy and {Me}X'15X* %6p,
respectively. Nbgl;; appears to be one of a kind, with
{Nbg}Iigl®; cluster complexes connected according to
{Nbg} IigI* 2,1 Both the M¢X,s- and Nbgl;,-types of
structure can be identified with a ReOs-type arrangement
according to [{Mg}X'5]X* %, or [{NbgjI]l* %, =
[Re]Ogpo-

View this journal online at
wileyonlinelibrary.com
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The System Tantalum—Bromine

The system tantalum-bromine is surprisingly rich of
compounds. The phase diagram!!'? exhibits five com-
pounds: TaBrs (melting point 272 °C), TaBr, (m.p. 392 °C,
1), TaBr, g3 (m.p. 450 °C, 1), TaBr, 5 (m.p. 675 °C, i) TaBr; 33
(dec. >750 °C) where i indicates incongruently melting; dec.
denotes decomposition. The crystal structures of both
TaBr 4! (isostructural with NbeCl,4 and Tagl;,)!'? and
TaeBr;s!'3! have been determined and are as just mentioned
above, as well as the structures of TaBr, and TaBrs.l! Elus-
ive is the confirmation of the existence and then the crystal
structure of “TaBr;”. It is the only phase for which a homo-
geneity range has been reported, 2.9 < x =3.1.1'41 The phase
diagram states x = 2.83 for TaBr, with a decomposition
temperature of 450 = 5 °C.[1]

Single crystals of “TaBr;” were now obtained by re-
duction of TaBrs with the wall of the tantalum reaction
container at 500 °C with NaBr or RbBr as a flux.['>] The
reaction temperature is similar to that used in equilibration
experiments previously (426 °C) and above the incongruent
melting point of pure TaBr, g3.1!%

The present crystal refined to a composition of
TaBr, o,4.1'% Its structure corresponds to a stuffed derivative
of that of {Tag}Br;s. This has a ReOs-type arrangement,
according to [{Tae}Br;,]Br; = [Re]Oz with large (distorted)
cuboctahedral holes. These voids are filled with [TaBrg] oc-
tahedra; for the composition TaBr; = Ta;Br,, =
{Tae}Brs[TaBrg] the holes would be fully occupied, and the
structure would be a perovskite-related arrangement,
[{Tag}Bryy]Brs[TaBrg] = [Ti]JOs[Ca], see Figurel. In
TaBr, o4, the holes are only occupied to 86.2(13) %. A su-
perstructure with occupied and empty holes was not de-
tected such that a statistical distribution must be assumed.
Nonetheless, the true unit cell is hexagonal, space group
R3¢, a = 1298.60(11), ¢ = 3328.5(4) pm, Z = 6 X
[{Tae} Brys][TaBrelo s62(13), see Figure 2.1

Figure 1. Projection of part of the crystal structure of TaBr, g4 =
[{Tag}Br;s][TaBrg]g g exhibiting a perovskite-related arrangement
with the [{Tae}Br,Brg/,] framework encapsulating a [TaBrg] octa-
hedron (blue).
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Figure 2. Crystal structure of TaBr,os = [{Tae}Br;s][TaBrglo.ge;
projection onto the (100) plane of the hexagonal setting.

The composition TaBr, o4 is in good agreement with the
lower end of the homogeneity range (x = 2.9) once re-
ported!!¥ and is only slightly higher than x = 2.83 as de-
rived from equilibration studies.l'”! Our synthetic procedure
with a large excess of reducing tantalum as the wall of the
reaction container, should indeed lead to the lower end of
the homogeneity range. With the present structure, a homo-
geneity range above 3.0 (all voids occupied by [TaBrg] octa-
hedra), does not make chemical sense, unless the {Tag}Bris
network became under-occupied.

Ta-Ta and Ta-Br distances in the {Tas}Br';,Br?, net-
work of TaBr, 4 are identical with those in TagBris (=
TaBr, 5),['3 with 296.2(1) vs. 295.8(2) for Ta—Ta, and
257.9(2) vs. 257.6(8) pm for Ta—-Br' and 280.9(1) vs.
280.4 pm for Ta—Br** distances (all averaged). Ta—Br dis-
tances in the [TaBrg] octahedron are 253.0(5) pm, with a
rather large standard deviation subject to the large tempera-
ture factors of the atoms in the under-occupied large hole.
These Ta-Br distances compare very well with those in
TaBrs where the terminal distances in the Ta,Br;, double
octahedron are, on the average, 243.4 pm and the bridging
ones 271.0 pm, which leads to an overall average of
252.6 pm.P! Thus, tantalum in the [TaBrg] octahedron can
be considered as pentavalent, such that TaBr, ¢, may be
understood as a salt according to [{Tae}Br;s]"80*-
[TaBrs] o.s6.

If the cuboctahedral voids were fully occupied, the net-
work would have one positive charge, [{Tag}Br;s]*, or the
cluster complexes would be [{Tag}Br;5]**, if only inner li-
gands were considered. For niobium, a cluster of this for-
mal charge does not exist, it “decomposes” to [{Nbs}-
Bre]**, incorporated in the binary bromide {Nbs}Brg whose
structure was refined recently.l>%¢l Analogous triangular
clusters are not known for binary tantalum halides, but for
mixed-halide chalcogenides such as {Ta;}SBr;.['81 On the
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other hand, the 14-electron cluster [{Taq}Br';,]**, although
not known in a binary compound such as {Tag}Br'|,Br,, is,
for example as [{Taq}Bri;»,Bre]*, the species which is re-
sponsible for the red solutions observed decades ago.['”!
They have just now been observed in complex salts, for ex-
ample in [K(crypt-2.2.2)],[{Tas} Cl'1,Cl1%].12% This is sur-
prising because 14-electron clusters are electron-deficient
and are normally unknown for octahedral tantalum clus-
ters. The molecular orbital energy Scheme as obtained from
an Extended Hiickel Molecular Orbital (EHMO)R!-22
treatment reveals that the gap between the a;, and the t,,
orbitals, see Figure 3, is obviously large enough that it is
favourable to form such an anion, especially when it is se-
cured in a salt with a large counter cation, or in an extended
cation such as in [{Tag}Br;s]ose [TaBrg] o.g6. The reason
why the a;, orbital is (statistically) only partially occupied
in the present case and, thus, an explanation for the unex-
pected Daltonide composition of TaBr, 4, cannot be an-
swered on the present simple level of theory.

-3.00

-4.50

-6.00 | a,,

Energy (eV)

-7.50

-9.00

-10.50

Figure 3. EHMO scheme for [{Taq}Brs]*, representing the 14-
electron tantalum cluster in TaBr, o4; the a,, orbital is the highest
bonding orbital.

Conclusions

The last of the five compounds known for the Ta/Br sys-
tem, has now been established structurally, TaBr,¢s =
[{Tag}Br;s][TaBrg]gss. Thus, the structural chemistry of the
binary tantalum halides is characterized by [TaBr4] octahe-
dra as in TaBrs (dimer of two edge-sharing octahedra),
TaBr, (chain of edge-connected octahedra), and TaBr, o4
(isolated anion), as well as by octahedral clusters {Tag}Bri;»
as in TagBr4 and TagBrs and TaBr, ¢4. This non-stoichio-
metric phase, therefore, merges both structural motifs.
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Nanoporous magnetic materials composed of metal-as-
sembled complexes are expected to exhibit chemical sensi-
tivity. In this work, we observed a humidity-induced revers-
ible change between ferromagnetism and antiferromagnet-
ism in a new type of a cobalt octacyanoniobate based magnet

in the high-humidity region. This humidity response is
caused by the adsorption and desorption of non-coordinated
water (so-called zeolitic water) molecules in the interstitial
site. Such a phenomenon is achieved by the structural flexi-
bility of an octacyanometalate-based magnet.

Introduction

Nanoporous magnetic materials composed of metal-
assembled complexes are expected to exhibit chemical sensi-
tivity because a gas or solvent molecule can penetrate into
the lattice and directly act on spin sites. From this view-
point, cyano-bridged metal assemblies are suitable sys-
tems.[l In 2004, humidity-induced magnetization and mag-
netic pole inversion due to changes in the Co coordination
geometries between six- and four-coordinate were observed
in Co[Cr(CN)¢lo3zH,0 and  (Cog.41Mng 59)[Cr(CN)g]y3*
zH,0,1] respectively. Furthermore, humidity-induced mag-
netism has been reported in Mn[Cr(CN)g]-(dimethylethyl-
enediamineH)-2H,OP! and  Mn,; siMo(CN),]-(dimethyl-
alaninolH)-2H,0.™ In addition to these [M(CN)¢]- and
[M(CN),]-based magnets, [M(CN)g]-based magnets!>°! are
also good candidates as nanoporous magnets because
[M(CN)g]-based magnets have a variety of coordination
geometries with nanoporous structures. Herein we describe
a humidity-induced reversible change between ferromagnet-
ism and antiferromagnetism in a cobalt octacyanoniobate
based magnet in the high-humidity region. This humidity
response is due to the adsorption and desorption of non-
coordinated water (so-called zeolitic water) molecules in the
interstitial sites.

Results and Discussion

The target compound was prepared by adding an aque-
ous solution of K4Nb(CN)s]-2H,0B to an aqueous solu-
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tion of CoCl,:6H,O. The resulting precipitate was a pink
powder. Additionally, a single crystal of this compound was
prepared by the diffusion method. Elemental analysis indi-
cated the formula of the present compound to be
Co,[Nb(CN)g]-8.0H,0.

Single-crystal X-ray analysis showed that the compound
has a tetragonal crystal structure in the [4/m space group
with a = 11.8879(11) A, ¢ = 13.1925(12) A, and Z = 4 (Fig-
ure 1, Figure S1, Tables S1-S3). The coordination geome-
tries of the Co and Nb sites are pseudo-octahedral and
square-antiprismatic, respectively. The four equatorial posi-
tions of the Co sites are coordinated by cyanide nitrogen
atoms from [Nb(CN)g], whereas the apical positions are co-
ordinated by two oxygen atoms from the ligand water mole-
cules. All eight CN groups of [Nb(CN)g] are bridged to the

Figure 1. Crystal structure of Co,[Nb(CN)g]-8H-O. Blue, green,
gray, light blue, and pink spheres represent Co, Nb, C, N, and O(Z)
atoms of the zeolitic water molecules, respectively. The half pink/
white spheres represent O(L) atoms of the ligand water molecules
(disorder of 50%). H atoms are omitted for clarity.

View this journal online at
wileyonlinelibrary.com
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Co sites. The interstitial sites of the Co-NC-Nb framework
contain four zeolitic water molecules. This structure is iso-
structural of Mn,[Nb(CN)g]-8.0H,00%¢P1 and Fe,[Nb-
(CN)g]*8.0H,0.11 The XRD pattern of the powder sample
corresponds to the crystal structure of the single crystal.

Magnetization vs. temperature plots show that at 80%
RH the present compound exhibits a spontaneous magne-
tization with a Curie temperature (7¢) of 12 K (Figure 2a
and Figure S2). The magnetization vs. external magnetic
field plots indicate that the coercive field (H.) value is
300 Oe at 2 K (Figure 2b), and the saturation magnetization
(M) value is 5.2 ug at 9 T (Figure S3). The observed M,
value suggests that the sample at 80% RH is a ferromagnet
where the sublattice magnetizations of Co'' and Nb'V are
ordered in a parallel manner.”? The M and T values de-
crease as the humidity decreases. In particular, the magne-
tization and H, values drastically decrease between 80%
RH and 60% RH. The H_ value at 10% RH is almost zero,
and the molar magnetic susceptibility (yy) vs. temperature
plots show antiferromagnetism with a Néel temperature of
5 K (Figure S4). The temperature dependence of the mag-
netic susceptibility also supports these humidity depen-
dences of magnetic properties (Figure S5). Conversely, in-
creasing the humidity causes the magnetic properties to re-
vert to the original ferromagnetic state.
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Figure 2. (a) Magnetization vs. temperature curves at an external
magnetic field of 100 Oe for Co,[Nb(CN)g]-zH»O. (b) Magnetiza-
tion vs. external field curves at 7= 2 K.

To elucidate the observed humidity response, the humid-
ity dependences of the sample weight, IR spectrum, UV/Vis
spectrum, Faraday effect, and XRD pattern were measured.
The weight vs. humidity plots and IR spectra indicate that
the sample weight and OH stretching peaks around
4080
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3400 cm™! decrease as the humidity decreases (Figure 3a
and Figure S6). By using the results of the sample weight
vs. humidity plots, the z values of Co,[Nb(CN)g]-zH-O are
estimated to change from z = 8.0 (100% RH) to 5.8 (15%
RH) at 298 K (Figure 3a, inset). The UV/Vis reflectance
spectra at 100% RH (Figure 3b, top) have a shoulder peak
around 400 nm (Band 1) and absorption peaks around
500 nm (Band 2) and 1120 nm (Band 3), which are assigned
to the ligand-to-metal charge transfer (LMCT) band of
[Nb™V(CN)g] (Band 1), d-d (*T;;—>*Tys *A,,) transition
(Band 2) and d-d (*T;,—*T»,) transition (Band 3) on the
six-coordinate octahedral Col, respectively.®] These ab-
sorption bands are maintained nearly constant in the range
of 100-20% RH (Figure 3b, center), indicating that ligand
water molecules are not removed from Co!! but only zeolitic
water molecules are reversibly adsorbed and desorbed in
this humidity region. In contrast, below 15% RH, a small
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Figure 3. (a) Sample weight vs. humidity plots for Co,[Nb(CN)g]
zH,0 between 100% and 15% RH. Dotted lines are eye guides.
(Inset) Reversible change in weight between 80% and 15% RH. (b)
Humidity dependence of the visible reflectance spectra at 100%
RH (top), differential spectra between 100% and 20% RH (center),
and between 100% and 10% RH (bottom). (c) Humidity depen-
dence of the XRD patterns in the regions of 16.7° = 20 = 20.6°
(left) and 26.5° = 20 = 28.6° (right). (d) Shrinking rate of a-
(squares) and c-axis (dots) at different humidities, calculated by
Rietveld analysis. Dotted lines are eye guides. (e) Faraday ellipticity
(FE) spectra at 80% and 15% RH at 2 K after removal of the
external magnetic field of 1 T.
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amount of ligand water molecules is also released from Co!!
(Figure 3b, bottom).”) The XRD patterns of the present
compound show that several peaks [e.g., (202), (312), (321)]
shift toward a higher angle, but other peaks [e.g., (004)]
remain at the same angles as the humidity decreases (Fig-
ure 3¢ and Figure S7). This result suggests that lattice con-
stants change anisotropically, i.e., the lattice parameter of
the c-axis is constant but the a-axis decreases with decreas-
ing humidity (Figure 3d). The Faraday ellipticity (FE) spec-
tra of the sample in the range of 400-700 nm at 80% RH
display FE effects at the positions of Bands 1 and 2 below
Tc (Figure 3e), suggesting that the sample at high humidity
is a ferromagnet. On the contrary, the sample at 15% RH
did not exhibit an FE effect down to 2 K, suggesting the
sample at low humidity is an antiferromagnet.

Based on these results, the present humidity response is
understood as follows: In the change of humidity from
100% RH to 20% RH, only zeolitic water molecules desorb
from the interstitial sites of the lattice.[’! At the same time,
the disorder of ligand water molecules is lost and the ab-
plane of the tetragonal crystal structure is compressed. This
change in the structure leads to a variation in the overlap
of the magnetic orbitals on the Co and Nb ions, causing the
sample to change into an antiferromagnet. In fact, Rietveld
analysis of the sample at 20% RH (Figure S8 and Tables S4
and S5) shows that the bond situation of the Nb—C1-N1-
Co moiety is different from the bond situation at 100% RH.
Maybe, the superexchange interaction of this route changes
to a negative value, resulting that the compound is con-
verted to an antiferromagnet (Figure 4).

High humidity _SH08 Low humidity
+H,0

d<0-

J;>0,4,>0
Ferromagnetism

J;<0,4,>0
Antiferromagnetism

Figure 4. Schematic illustration of the magnetic ordering at high-
humidity (left) and low-humidity (right) regions. J; and J, are
superexchange interactions between Nb!'V (S = 1/2) and Co" (S
= 3/2) through ~C1-N1- and —~C2-N2- ligands, respectively. Pink
spheres and half pink/white spheres represent O atoms of zeolitic
water molecules and ligand water molecules, respectively. In the low
humidity region, zeolitic water molecules desorb from the lattice.

Conclusions

In the present work, we observed a humidity-induced
magnetic transition with a cobalt octacyanoniobate around
70% RH. This effect is ascribed to the adsorption and de-
sorption of zeolitic water molecules in the interstitial site,
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which cause the ferromagnet to change into an antiferro-
magnet. Such a phenomenon is achieved by the structural
flexibility of an octacyanometalate-based magnet.

Experimental Section

Characterization: IR spectra were recorded with a JASCO FT/IR-
4100 spectrometer by using samples scattered on a tape in the
4000-400 cm ™! region. XRD measurements were conducted with a
Rigaku ULTIMA 1V diffractometer using Cu-K, radiation (1 =
1.5418 A) in the range of 10° = 20 = 90°. Single-crystal X-ray data
were collected with a Rigaku R-AXIS RAPID imaging plate area
detector with graphite-monochromated Mo-K, radiation. The crys-
tal structure was solved by direct methods and refined on F? to R1
(wR2) = 0.0933 (0.2273) using 1115 reflections with 7 > 2.006([).
CCDC-776326 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. The UV/Vis reflectance spectra were measured
with a Shimadzu UV-3100 spectrometer. Sample weight vs. humid-
ity plots were measured with a humidity-controlled thermogravi-
metric system (TG-8120 RIGAKU). The humidity of the sample
room was tuned by N, gas or air passed through water or a satu-
rated aqueous solution of NaCl, NaBr, or K,COj3. According to a
similar procedure, magnetic-measurement samples were prepared
by using a quartz cell. The humidity of each sample holder was
measured with a humidity meter (CTH-1100 CUSTOM). Magnetic
measurements on a polycrystalline sample were carried out by
using a Quantum Design MPMS superconducting quantum inter-
ference device (SQUID) magnetometer.

Materials: The target compound was prepared as a powder by add-
ing an aqueous solution of Ky4Nb(CN)g]:2H,O (2.5 mm) to an
aqueous solution of CoCl,"6H,O (2.5 mMm). Elemental analyses by
inductively coupled plasma mass spectrometry and a thermogravi-
metric measurement indicated this compound has a composition of
Co,[Nb(CN);]-8.0H,O at 100% RH. CgH;sCo,NgNbOg (563.04):
caled. Co 20.9, Nb 16.5; found Co 20.8, Nb 16.2. IR: v = 2145,
2157 (CN stretching) cm™'. A single crystal of this sample was pre-
pared by diffusion of an aqueous solution of K4 Nb(CN)g]-2H,O
(100 mm) into an aqueous solution of CoCl,-6H,O (50 mm).

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic data from single-crystal X-ray analysis, field-
cooled magnetization and remanent magnetization plots at
100%RH, field dependence of magnetization at 80% RH, yp vs.
T plots at 10% RH, y\T vs. T plots and yy ' vs. T plots at 100%
RH and 10% RH, humidity dependence of IR and XRD patterns,
and crystallographic data from Rietveld analysis of the powder
XRD pattern at 20% RH.
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Chromophoric Lewis Base Adducts of Methyltrioxorhenium: Synthesis,
Catalysis and Photochemistry

Simone A. Hauser,! Valentina Korinth,® Eberhardt Herdtweck,!*! Mirza Cokoja,?!
Wolfgang A. Herrmann,!?! and Fritz E. Kiihn*2-!

Keywords: Rhenium / Homogeneous catalysis / Photochemistry / Epoxidation / Stability constants

A series of chromophoric Lewis base adducts of methyl-
trioxorhenium (MTO) was examined. The ligands were pyr-
idine derivatives with different size of the aromatic system
and variable substituents, thus providing a variation of elec-
tronic and steric parameters. The complexes were fully char-
acterised (UV/Vis, IR and NMR spectroscopy, single-crystal
X-ray diffraction and elemental analysis) and their stability
constants in dichloromethane were determined by means of
UV/Vis spectroscopy. Moreover, this report presents a study
of the influence of these N-donor ligands coordinated to
MTO on the catalytic activity of epoxidation of 1-octene.

Each compound was tested twice; in a catalytic reaction un-
der exclusion of light and in daylight. No significant differ-
ences in catalytic performance were found. The behaviour of
the complexes under irradiation with UV light was investi-
gated by means of 7O-NMR and UV/Vis spectroscopy. The
herein exposed experiments aimed for probing potential
beneficial effects of chromophoric N-donor ligands in MTO
adducts, as they might activate the catalytic system by pro-
viding additional energy for weakening bonds that have to
be broken during the catalytic cycle.

Introduction

Much research has been dedicated to the chemistry of
methyltrioxorhenium (MTO) since its discovery by Beattie
and Jones!! in the late 1970s and the improvement of the
synthesis by Herrmann and co-workers??! some years later.
The latter group discovered the ability of MTO to act as a
versatile catalyst of various organic reactions.’] MTO can
be used in several catalytic processes, for instance olefin me-
tathesis!® and aldehyde olefination.®) Most recently, MTO
has been successfully applied in deoxygenation of epox-
ides.'] However, the most important and thus best studied
MTO-catalysed reaction is olefin epoxidation.’°1 Due to
the strong Lewis acidity of the metal centre, undesired side
reactions such as ring opening and diol formation are usu-
ally occurring. This can be prevented by addition of bases,
mostly pyridine, bipyridine or pyrazole and their deriva-
tives, as shown by Sharpless et al. and other groups.[®19-1
The photochemistry of MTO was for the first time under
examination in the early 1990s.2%2!1 MTO solutions were
found to be very sensitive to UV light, the rhenium-carbon
bond was reported to be photolysed after a short irradia-
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tion time, with subsequent formation of ReO4 and ReOs,
at low and high concentrations.””! Some years later, the
studies were extended to Lewis base adducts of MTO.
Interesting properties of these adducts were published,!>*2>]
but no further research was conducted in this direction.
This prompted us to investigate the effect of a number of
novel chromophoric Lewis base adducts of MTO with re-
spect to the complex stability under irradiation with UV
light.

Results and Discussion

Synthesis and Spectroscopic Characterisation

A series of chromophoric pyridine derivatives (1-7, Fig-
ure 1) was synthesised and the coordination to MTO was

= = = —
Z T =z =z =z
SRS RS RS NS
N N N N N
1 4 5 6 7

N N
2 3

Figure 1. Overview of the pyridine derivatives employed as ligands
for coordination to MTO.

View this journal online at
wileyonlinelibrary.com
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examined. Complexes 8-14 were formed by treatment of
MTO with ligands 1-7 in a 1:1 ratio in diethyl ether at room
temperature (Scheme 1). Subsequent cooling of the yellow
solution led to precipitation of yellow crystals, which were
isolated by filtration and purified by washing with n-hex-
ane. The compounds obtained are stable to air, both in the
solid state and in dichloromethane solution.

Scheme 1. Adduct formation of MTO with pyridine derivatives in
solution.

Selected 'H and '3C NMR spectroscopic data of com-
pounds 8-14 are shown in Table 1. The proton signals of
the MTO methyl group of the complexes are considerably
shifted to higher field, indicating the strength of the Re-N
bond.['>] The same effect is observed in the 13C NMR spec-
tra. The vicinal protons to the nitrogen of the ligand have
a different electronic environment, similar to the methyl
group of the MTO, which is manifested by a high-field shift
compared to the free ligand.

Table 1. Selected 'H and '*C NMR spectroscopic data for com-
plexes 8-14 in CDCls.

o-H ligand, '"H  o-H adduct 'H, Re-CH;, 'H Re-CHj;, *C
J [ppm] J [ppm] J [ppm] 6 [ppm]
MTO - - 2.67 19.0
8 8.51 (1) 8.29 2.03 24.7
9 8.55(2) 8.20 1.92 25.1
10 8.58 (3) 8.26 1.96 24.0
11 8.59 (4) 8.34 2.13 244
12 8.63 (5) 8.33 2.00 249
13 8.63 (6) 8.31 1.97 24.8
14 8.65 (7) 8.32 1.98 244

In the IR spectra, a red-shift of Re = O bands compared
to free MTO is observable. This gives rise to an enhanced
electron density donated from the ligand to the Re centre,
causing weakening of the Re=0O bond (see Table 2).

Table 2. Characteristic IR vibrations of CH3;ReO5 fragments (cm™')
in 8-14.

MTO 8 9 10 11 12 13 14

998 934 936 931 n.o. no 934 931
965 927 926 n.ol 927 928 927 n.o.

[a] Not observed.

Assignment

ReO; sym str.
ReO; asym str.

X-ray Crystal Structure of Ligand 5 and Complexes 8-14

The solid-state structure of the synthesised compounds 5
and 8-14 was measured; one example is shown in Figure 2.
Selected bond lengths are given in Table 3. With one excep-
tion (compound 11), the N-base ligand coordinates trans to
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the methyl group to the rhenium centre. Complex 11, how-
ever, exists in both cis and trans arrangements in the solid
state. Together with the finding that only one peak is visible
in the 'O-NMR spectrum, this strongly indicates that
packing forces are responsible for the solid-state configura-
tion, rather than electronic or steric ligand effects. More-
over, this conclusion is in accordance with previously re-
ported data.[>4

Figure 2. PLATON view of the solid-state structure of complex 8.
The thermal ellipsoids are shown at the 50% probability level.

Table 3. Selected bond lengths for complexes 8-14 (zrans configura-
tion) determined by single-crystal X-ray diffraction.

Re-N[A] Re-C[A] Re-O [A]
MTO! - 2.074(4) 1.703(2)
8 2.422(5) 2.113(7) 1.712(3) 1.706(6)
1.726(7)
9 2.445(5) 2.094(6) 1.718(4) 1.705(4)
1.707(4)
10! 2.439(4) 2.099(5) 1.717(4) 1.716(3)
1.716(3)
2.438(5)  2.102(6) 1.711(3) 1.716(4)
1.720(3)
110 2.372(3) 2.112(4) 1.722(3) 1.719(3)
1.713(3)
2.439(3)  2.081(5) 1.714(3) 1.712(3)
1.714(3)
12 2.418(2) 2.091(3) 1.720(2) 1.711(2)
1.714(2)
13 2.417(3) 2.092(4) 1.716(4) 1.716(3)
1.722(3)
14 2.408(4) 2.102(5) 1.713(2) 2 X 1.708(4)
2.392(4)  2.101(5) 1.706(3) 2 X 1.694(4)

[a] Values taken from ref.?]. [b] The values of the second crystallo-
graphically independent molecule are printed in izalics.

Determination of Formation Constants

The formation constants of the MTO — ligand adducts
8-14 were determined by means of UV/Vis spectroscopy.?%!
Scheme 1 shows the equilibrium that is established in pres-
ence of MTO and a pyridine derivative. According to Equa-
tion (1), which is derived from the Lambert—Beer law (path
length: 1 cm), the absorbance of the solution (4bs) changes
in function of the presence of free ligand (L), uncoordinated
MTO (M) and the MTO-ligand adduct (ML).

Abs = &1[L] + em[M] + ey [ML] 0

The adduct concentration [ML] can be expressed using
the formation constant (K.q) by taking into account the
molar balance [M]r = [M] + [ML], leading to Equation (2).

Eur. J. Inorg. Chem. 2010, 4083-4090
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Above 330 nm, the absorbance of MTO is negligible, i.e.
em = 0.27VIf the absorbance of the free ligands at the chosen
wavelength can also be ignored, i.e. ¢; = 0, then Equation
(3) can be used to calculate the formation constant.

Abs = v [M]T 'Keq [L]
1+K,[L] 3)
The values of the adduct formation constants (Table 4)
are calculated by fitting of experimental absorbance data
to Equation (2) or (3). Figure 3 shows the change in the
absorption spectrum upon successive addition of MTO to
a ligand solution in CH,Cl,. In the case of the compound
10, complex formation can be noticed at 350 nm. Thus, the
values at this wavelength have been used for the curve fit-
ting according to Equation (3) (see Figure 4).

Table 4. Formation constants of compounds 8-14 in CH,Cl,.

Absorbance [nm] Formation constant (K.q) [Lmol ']

8 340 431 +27
9 355 563 + 88
10 350 386 =47
11 370 309 =36
12 335 78 +25
13 300 348 =93
14 300 286 =98
2.0
o 151
2
£
(=]
§ 1.0
0.5

320 340 360
wavelength [nm]

Figure 3. Change in the absorption in function of complex forma-
tion (10). (a) free ligand ([3] = 0.1 mm), successive addition of
1 equiv. of MTO, (k) ligand with 10 equiv. MTO.

The values of the formation constants for complexes 8-
14 are comparable to those reported in literature.[>6:28-30]
Moreover, the influence of both the electronic and steric
nature of the ligand can be seen. The stability of the ad-
ducts is higher when the ligand has electron-donating sub-
stituents and is less sterically crowded. The electronic effect
is nicely seen when comparing the formation constant of

Eur. J. Inorg. Chem. 2010, 4083-4090
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Figure 4. Curve fitting with Equation 3 for determination of for-
mation constant of complex 10.

complex 9 with that of complex 10. The steric effect ac-
counts for the difference in the value of the formation con-
stant of complex 13 and complex 14.

Application in Epoxidation Catalysis

The performance of ligands 2-7 was tested in the
MTO-catalysed epoxidation of 1-octene with hydrogen per-
oxide. tert-Butylpyridine (¢Bu-Pyr) was chosen as a bench-
mark ligand. A catalyst:ligand:oxidant:substrate ratio of
1:5:150:100 was used in all experiments, unless stated other-
wise. The catalytic tests were performed at room tempera-
ture and twice with each ligand: once with exclusion of light
and once in light with the goal to establish a statement
about the supposed beneficial effect of chromophoric pyr-
idine derivatives with respect to the already known advan-
tages of simple pyridine derivatives in epoxidation catalysis
with MTO.I'! Further details are given in the Exp. Section.
No significant diol formation or formation of other by-
products could be observed.

Table 5 summarises the turnover frequencies (TOF) of
the different catalytic systems tested. Maximum epoxide
yield is obtained after 24 h reaction time, with a substrate
conversion between 50 and 80% (Figure 5). /Bu-Pyr shows
no significant advantage in catalytic performance compared
to the chromophoric pyridine derivatives. Moreover, it can
be noted that the advantage of running the catalytic reac-
tion under exclusion of light is negligible with either type
of pyridine ligand. The yields of 1-octene epoxide with the
ligand additives tested within this work are comparable to

Table 5. Turnover frequencies [mol(epoxide) mol(cat) ! h™!] deter-
mined after 5 min.

Ligand TOF Yield [%)], after 24 h with
[h'] exclusion of light
2 63 76
3 44 69
4 65 69
5 46 65
6 49 73
7 41 72
tBu-Pyr 35 71
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the yield achieved with MTO alone.*!l Nevertheless, they
are far from those obtained with 3-methylpyrazole or pyr-
azole under the same conditions.?!

100
= 80
S 604 S1h
'g E1 h (dark)
§ .. O24h
z W24 h (dark)
> 20

0 5

Ligand

Figure 5. 1-Octene epoxide yields with different ligands.

Photostability of the Synthesised Compounds

One aim of this work is to probe potential beneficial ef-
fect of chromophoric Lewis bases in MTO adducts. They
might activate the catalytic system by providing additional
energy for weakening bonds that have to be broken during
the catalytic cycle. However, photoinduced homolysis of the
Re-CH; bond in solution is the most common way of de-
gradation of MTO.[?% Vogler et al. reported the photoas-
sisted isomerisation of 4-styrylpyridine, where the complex
remained intact, i.e. the MTO was not affected by UV-radi-
ation.[?’1 This led to the hypothesis that larger chromo-
phoric systems might lead to stable MTO Lewis base ad-
ducts on the one hand, and act as a photosensitisers on the
other hand. The most convenient approaches to study the
stability or the photo-induced degradation of the MTO ad-
ducts are '"O-NMR and UV/Vis spectroscopy.

For the NMR studies, a 0.1 M solution of the complexes
in CDCl; was used and treated with UV light (4 = 368 nm).
In a second experiment, a fivefold excess of ligand was
added to MTO, in order to mimic the reaction conditions
of the catalytic tests (vide supra). The chemical shift of the
oxygen atoms of the freshly synthesised complexes was
found to be between 865 ppm and 885 ppm which is consis-
tent with the reported literature values.*>33 Upon irradia-
tion, already after 6 min a peak at 6 = 563 ppm was de-
tected, which could be attributed to the perrhenate
anion.[?! This peak became more pronounced after longer
irradiation time (see Figure 6). There was no significant dif-
ference in stability of the MTO in the two experiments per-
formed. Noteworthy, all complexes synthesised in this work
have shown the same behaviour under irradiation with UV
light (see Supporting Information).

The UV/Vis spectra were recorded in CH,Cl,. A 0.1 M
solution of selected complexes was irradiated with UV light
and several samples were taken. Figure 7 shows the spectral
change over a time span of 2 h. Ligand absorption is very
strong, it shows a maximum at 325 nm. It partially overlaps
4086
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Figure 6. Time resolved '"O-NMR spectra of complex 11 before
(top) and after irradiation with UV light. The signal of the MTO
oxo moieties at 0 = 879 ppm is broadened due to fluxional equilib-
rium of complex formation, whereas the sharp peak at o = 563 ppm
can be assigned [ReOy4 .

complex absorption as well as the absorbance pattern of
free MTO."?°l Upon photolytic degradation of MTO, the
ligand is protonated. Thus, its absorbance spectrum
changes by a shift of the maximum to 375 nm.

Absorbance

T T T T T )
200 250 300 350 400 450 500
wavelength [nm]

Figure 7. UV/Vis spectra of complex 11 in CH,Cl, (¢ = 0.16 mm).
(a) Initial spectrum; (b) after 20 min exposure to UV light; (c) after
60 min; (d) after 120 min, the decrease in intensity of the peak at
377 nm can be explained by precipitation of the perrhenate and
protonated ligand.

The above-mentioned experiments clearly show that both
the MTO and the ligands are affected by prolonged irradia-
tion with UV light. Thus, no additional stability is brought
to the adducts by the use of chromophoric pyridine deriva-
tives. Despite of the use of chromophoric pyridine deriva-
tives as ligands on MTO, the obtained adducts are not
stable to UV light. However, as described above, the cata-
lytic epoxidation is not influenced by light.

Conclusions

In this study, seven chromophoric pyridine derivatives
were prepared and treated with MTO to form seven Lewis
base adducts of MTO. They have been fully characterised
and tested as catalysts in the epoxidation of 1-octene with

Eur. J. Inorg. Chem. 2010, 4083-4090
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H,0,. With respect to the benchmark ligand fert-butylpyr-
idine, the presented ligands do not show any advantages
in the epoxidation of I-octene, whether performed under
exclusion of light or in daylight (see Figure 5). Moreover,
the photochemistry of the complexes was studied by means
of UV/Vis and '"O-NMR spectroscopy. The chromophoric
ligands did not influence the adduct stability under UV ir-
radiation. Complex decomposition occurred through the re-
ported pathway,?’! as formation of the perrhenate anion
was already observable after a short irradiation time with
UV light (see Figure 6 and Figure 7).

Experimental Section

Materials and Methods: All experimental work was carried out
using standard Schlenk techniques under argon. Solvents were
dried by standard procedures (hexane and diethyl ether over Na/
benzophenone; CH,Cl, over CaH,), distilled and stored under ar-
gon over molecular sieves. High resolution NMR spectra were mea-
sured with Bruker Avance DPX-400 ('H: 400 MHz; 3C:
100.6 MHz; '70O: 54.2 MHz), and JEOL NMR GX-400 ('H:
400 MHz; '3C: 100.6 MHz) spectrometers. The UV/Vis spectra
were recorded on a JASCO UV/Vis V-550 spectrophotometer and
the IR spectra on a Perkin—Elmer 1600 series FT-IR instrument.
Microanalyses of the obtained products were performed in the
Mikroanalytisches Labor of the Technical University of Munich,
Garching, Germany. MTO was synthesised according to literature
procedures.4

Ligand Synthesis: Ligands 1-3 were synthesised by treating a solu-
tion of 4-picoline (2.48 mmol) in THF at —60 °C with an equimolar
amount of lithium diisopropylamine in THFE.[* The alcoholate was
formed upon addition of the corresponding aldehyde, which was
subsequently eliminated by refluxing in concentrated acetic acid for
18 h to form the C-C double bond. Purification was done by col-
umn chromatography on silica gel. The synthesis of ligands 4-7
was based on the Suzuki cross coupling mechanism described by
Fu et al.B® The heteroaryl boronic acid reacted with an aryl bro-
mide in refluxing dioxane, whereas the reaction was catalysed by
[Pd,(dba);] (dba = dibenzylideneacetone), PCy; and K5PO, (aq.).
Subsequent purification steps included filtration, extraction of the
filtrate and column chromatography.

4-Styrylpyridine (1): Yield 314 mg (70%). '"H NMR (400 MHz,
CDCl;, 25°C): 6 = 8.51 [d, J(H,H) = 4.8 Hz, 2 H, NC,H,C,H,C-
], 7.48 [d, J(H,H) = 7.4 Hz, 2 H, -CC,H,C,H,CH], 7.35-7.24 (m,
4 H, NC,H,C,H,C-CHCH-CC,H,C,H,CH), 7.21 [d, JHH) =
9.8 Hz, 2 H, -CC,H,C,H,CH], 6.96 [d, J(H,H) = 159 Hz, 1 H,
Pyr-CHCH-Ph] ppm. '3C NMR (100.6 MHz, CDCls, 25°C): § =
150.2 (2 C), 144.6 (2 C), 136.2(1 C), 133.2(1 C), 128.8 (2 C), 128.7
(20), 127.0 (1 C), 126.0 (2 C), 120.8 (1 C) ppm.

4-[2-(4-Methylphenyl)ethenyl|pyridine (2): Yield 386 mg (80%). 'H
NMR (400 MHz, CDCl;, 25°C): 6 = 8.55 [d, J(H,H) = 6.0 Hz, 2
H, NC,H,C,H,C-], 7.43 [d, J(H,H) = 8.0 Hz, 2 H, NC,H,C,H,C-
], 7.34 [d, JH,H) = 6.0 Hz, 2 H, -CC,H,C,H,CCH3;], 7.27 [d,
J(H,H) = 13.6 Hz, 1 H, -PhCHCHPyr-], 7.18 [d, J(H,H) = 7.6 Hz,
2 H, -CC,H,C,H,CCH;)], 695 [d, JHH) = 16.0Hz, 1 H,
-PhCHCHPyr-], 2.37 (s, 3 H, -CC,H,C,H,CCHs3) ppm. 3C NMR
(100.6 MHz, CDCl3, 25 °C): 0 = 150.2 (1 C, NC,H,C,H,C-), 144.8
(2 C, NC,H,C,H,C-), 1389 (1 C, -CC,H,C,H,CCH;), 1334
(1 C, -CC,H,C,H,CCHj3), 133.1 (1 C, -PhCHCHPyr-), 129.5 (2
C, -CC,H,C,H,CCH3;), 126.9 (2 C, -CC,H,C,H,CCH3), 124.9 (1
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C, -PhCHCHPyr-), 120.8 (2 C, NC,H,C,H,C-), 21.3 (1 C, -PhCHs)

4-[2-(4-Bromophenyl)ethenyl]pyridine (3): Yield 503 mg (78%).
'H NMR (400 MHz, CDCl;, 25°C): § = 8.58 [d, JIHH) =
6.0 Hz, 2 H, NC,H,C,H,C-], 7.50 [d, J(HH) = 84Hz, 2 H,
-CC,H,C,H,CBr], 738 [d, JHH) = 84Hz, 2 H,
-CC,H,C,H,CBr], 7.34 [J(H.H) = 5.2 Hz, 2 H, NC,H,C,H,C-],
7.22 [d, J(H,H) = 164 Hz, 1 H, PyrCHCH-], 6.98 [d, J(H.H) =
16.4 Hz, 1 H, PyrCHCH-] ppm. '3C NMR (100.6 MHz, CDCl;,
25°C): o0 = 15030 (2 C, NGH,GH,C-), 14423 (1 C,
NC,H,C,H,C-), 13513 (1 C, -CC,H,C,H,CBr), 132.02 (2 C,
-CC,H,C,H,CBr), 131.87 (1 C, PyrCHCH-), 12844 (2 C,
-CGH,GH,CBr), 126.76 (1 C, PyrCHCH-), 122.68 (1 C,
-CC,H,C,H,CBr), 120.85 (2 C, NC,H,C,H,C-) ppm.

4-[2-(Biphenyl)ethenyl|pyridine (4): Yield 980 mg (83%). '"H NMR
(400 MHz, CDCl;, 25°C): 0 = 8.59 [d, J(H,H) = 8.0Hz, 2 H,
NC,H,C,H,C-], 7.63 (m, 7 H, -CC,H,C,H,C-CC,H,C,H,CH),
7.46 [t, J(H,H) = 8.0 Hz, 2 H, -CC,H,C,H,CH], 7.39 (m, 2 H,
NC,H,C,H,C-), 7.35 [d, J(H,H) = 16.0 Hz, 1 H, Pyr-CHCH-Ph-
Ph], 7.06 [d, J(H.H) = 16.0 Hz, 1 H, Pyr-CHCH-Ph-Ph] ppm.
13C NMR (100.6 MHz, CDCl;, 25°C): ¢ = 15020 (2 C,
NGCH,C,H,C-), 144.62 (1 C, NC,H,C,H,C-), 141.51 (1 C,
-CC,H,C,H,CH), 140.38 (1 C, -CC,H,C,H,C-CC,H,C,H,CH),
135.16 (1 C, -CC,H,C,H,C-CC,H,C,H,CH), 132.71 (1 C, Pyr-
CHCH-Ph-Ph), 128.85 (2 C, -CC,H,C,H,CH), 127.58 (1 C,
-CC,H,C,H,CH), 127.47 (4 C, -CC,H,C,H,C-CC,H,C,H,CH),
126.95 (2 C, -CC,H,C,H,C-CC,H,C,H,CH), 125.99 (1 C, Pyr-
CHCH-Ph-Ph), 120.83 (2 C, NC,H,C,H,C-) ppm.

4-|2-(4-Anthracenylphenyl)ethenyl]|pyridine (5): Yield 880 mg (65%).
'"H NMR (400 MHz, CDCl;, 25 °C): 6 = 8.63 [d, J(H,H) = 4.9 Hz,
2 H], 8.52 (s, 1 H), 8.06 [d, J(H,H) = 8.6 Hz, 2 H], 7.77 [d, 3J(H,H)
= 8.6 Hz, 2 H], 7.69 [d, J(H,H) = 8.6 Hz, 2 H], 7.47 [t, J(H,H) =
8.6, 7.4 Hz, 7 H], 7.37 [t, 3J(H,H) = 7.4, 7.4 Hz, 2 H], 7.18 [d,
JH,H) = 15.9Hz, 1 H] ppm. 3C NMR (100.6 MHz, CDCls,
25°C):0=150.2(2 C), 144.7 (1 C), 139.5(1 ©), 136.3 (1 C), 1354
(1C), 1329 (1 C), 131.8 (2 C), 131.4 (2 C), 130.1 (2 C), 128.4 (1
Q0), 127.0 (3 C), 126.8 (1 C), 126.6 (2 C), 126.3 (2 C), 125.5 (1 C),
125.1 (2 C), 120.9 (2 C) ppm.

4-Tolylpyridine (6): Yield 193 mg (60%). 'H NMR (400 MHz,
CDCl;, 25°C): 0 = 8.63 [d, J(H,H) = 5.4 Hz, 2 H, NC,H,C,H,C-
], 7.53 [d, J(H,H) = 8.0 Hz, 2 H, NC,H,C,H,C-], 7.48 [d, J(H,H)
= 6.0Hz 2 H, -CC,H,C,H,CCH3], 7.28 [d, J(H,H) = 8.0 Hz, 2
H, -CC,H,C,H,CCHj], 2.40 (s, 3 H, -PhCH3) ppm. 3C NMR
(100.6 MHz, CDCl3, 25 °C): 6 = 150.2 (2 C, NC,H,C,H,C-), 148.2
(1 C, NC,H,C,H,(C-), 139.2 [1 C, -CC,H,C,H,C(CH3)], 135.2 [1
C, -CC,H,C,H,C(CH3)], 129.8 2 C, -CC,H,C,H,C(CH3)], 126.8
[2 C, -CC,H,C,H,C(CH3)], 121.4 (2 C, NC,H,C,H,C-), 21.2 (1
C, -PhCH;) ppm.

4-(3,5-Dimethylphenyl)pyridine (7): Yield 450 mg (66%). '"H NMR
(400 MHz, CDCl;, 25°C): 6 = 8.65 [d, J(H.H) = 6.8 Hz, 2 H,
NC,H,C,H,C-], 7.50 [d, J(H,H) = 6.8 Hz, 2 H, NC,H,C,H,C-],
7.27 [s, 2 H, -CC,H,Cy(CH3),CH], 7.10 [s, 1 H, -CC,H,C,-
(CH3),CH], 2.41 [s, 6 H, -CC,H,C»(CH3),CH] ppm. '*C NMR
(100.6 MHz, CDCl;, 25°C): 6 = 150.15 (2 C, NG,H,C,H,C-),
148.65 (1 C, NC,H,C,H,C-), 138.71 [2 C, -CC,H,C»(CH3),CH],
138.18 [1 C, -CC,H,C,(CH;),CH], 130.67 [l C, -CC,H,C,-
(CH;),CH], 124.86 [2 C, -CC,H,C,(CH;),CH], 121.69 (2 C,
NC,H,C,H,C-), 21.36 2 C, -CC,H,C5(CH;),CH] ppm.

Typical Procedure for the Preparation of the Chromophoric Lewis
Base Adducts of MTO: An equimolar amount of MTO and ligand
was dissolved in diethyl ether and the solution was stirred for 1 h
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before cooling the mixture in an ice bath. A yellow precipitate
formed, which was filtered and washed with hexane. The solid was
dried in vacuo and analysed by standard analysis methods.

Methyl(4-styrylpyridine)trioxorhenium (8): Yield 58 mg (76%). 'H
NMR (400 MHz, CDCl;, 25°C): 6 = 8.29 [d, J(H,H) = 6.2 Hz,
2 H, NGH,CH,C-, 7.54 [d, JHH) = 7.4Hz, 2 H,
-CC,H,C,H,CH], 745 (m, 6 H, NGC,H,C,H,C-CHCH-
CC,H,C,H,CH), 7.01 [d, J(H,H) = 17.2 Hz, | H, Pyr-CHCH-Ph],
2.03 (s, 3 H, -ReCH3;) ppm. '*C NMR (100.6 MHz, CDCl3, 25 °C):
0=1472(2C), 1356 (2 C), 135.5(1 C), 129.3 (1 C), 128.9 (2 O),
1273 (2 C), 124.7 (1 C), 121.9 (2 C), 24.7 (1 C) ppm. IR (KBr): ¥
= 1605 (vs), 1499 (w), 1449 (w), 1428 (w), 1384 (w), 1013 (m), 971
(m), 961 (w), 934 (vs), 927 (vs), 877 (w), 818 (m), 559 (w), 548 (m)
cm !, C4H sNO;sRe (430.47): calced. C 39.06, H 3.28, N 3.25; found
C 39.56, H 3.31, N 3.34.

Methyl{4-[2-(4-Methylphenyl)ethenyl]pyridine}trioxorhenium  (9):
Yield 53 mg (72%). '"H NMR (400 MHz, CDCls, 25 °C): § = 8.20
[d, JHH) = 54Hz, 2 H, NCH,C,H,C-], 742 (m, 4 H,
NC,H,C,H,C-, -CC,H,C,H,CCH3), 7.30 [d, J(H,H) = 16.2 Hz,
1 H, -PhCHCHPyr-], 720 [d, JHH) = 79Hz, 2 H,
-CCH,C,H,CCH;), 693 [d, JHH) = 162Hz, 1 H,
-PhCHCHPyr-], 2.37 (s, 3 H, -PhCH;), 1.92 (s, 3 H, -ReCH;) ppm.
13C NMR (100.6 MHz, CDCl;, 25°C): § = 14794 (1 C,
NGC,H,C,H,C-), 147.06 (2 C, NGH,CH,C-), 139.66 (1 C,
-CC,H,C,H,CCH3), 135.48 (1 C, -CC,H,C,H,CCH3), 132.76 (1
C, -PhCHCHPyr-), 129.65 (2 C, -CC,H,C,H,CCH3), 127.23 (2 C,
-CC,H,C,H,CCH;), 123.52 (1 C, -PhCHCHPyr-), 121.85 (2 C,
NC,H,GH,C-), 25.08 (1 C, -ReCH3), 21.36 (1 C, -PhCH3) ppm.
IR (KBr): ¥ = 3434 (w), 3025 (w), 1636 (m), 1602 (vs), 1514 (m),
1428 (m), 1384 (w), 1210 (w), 1183 (w), 1013 (s), 975 (m), 936 (vs),
926 (vs), 826 (s), 736 (w), 706 (w), 624 (m), 547 (s), 502 (m) cm .
C,5HsNOsRe (444.50): caled. C 40.53, H 3.63, N 3.15; found C
38.55, H 3.33, N 3.16.

{4-|2-(4-Bromophenyl)ethenyl|pyridine}methyltrioxorhenium  (10):
Yield 68 mg (79%). '"H NMR (400 MHz, CDCls, 25 °C): § = 8.26
[d, JAH,H) = 6.2Hz, 2 H, NC,H,C,H,C-], 7.52 [d, J(H.H) =
8.3Hz, 2 H, -CC,H,C,H,CBr], 7.41 (m, 4 H, NC,H,C,H,C-,
-CC,H,C,H,CBr), 7.25 [d, J(H,H) = 16.4 Hz, 1 H, Pyr-CHCH-],
6.98 [d, J(H,H) = 16.2 Hz, 1 H, Pyr-CHCH-], 1.96 (s, 3 H, -ReCH3)
ppm. 3C NMR (100.6 MHz, CDCl;, 25 °C): 6 = 147.3 (2 C), 147.0
(1C), 1345(1C), 1341 (1 C), 1321 (3C), 1287 (2 C), 1254 (1
C), 123.5 (1 C), 122.0 (1 C), 24.0 (1 C) ppm. IR (KBr): ¥ = 3466
(w), 3048 (w), 2973 (w), 1895 (w), 1773 (w), 1637 (m), 1610 (vs),
1586 (s), 1497 (m), 1483 (m), 1428 (s), 1393 (m), 1385 (m), 1209
(m), 1070 (vs), 1017 (vs), 1008 (s), 975 (s), 970 (s), 928 (vs), 883
(m), 875 (m), 829 (vs), 738 (w), 674 (w), 583 (m), 557 (s), 542 (s).
496 (w) em™!. C4H,;3BrNO;Re (509.37): caled. C 33.01, H 2.57, N
2.75; found C 32.88, H 2.53, N 2.78.

{4-[2-(Biphenyl)ethenyl]pyridine}methyltrioxorhenium (11): Yield
69 mg (80%). '"H NMR (400 MHz, CDCls, 25°C): 6 = 8.34 [d,
JHH) = 62Hz, 2 H, NCH,C,H,C], 7.62 (m, 6 H,
-CC,H,C,H,C-CC,H,C,H,CH),  747-7.37 (m, 5 H,
NC,H,C,H,C-, -CC,H,C,H,CH), 7.36 [d, J(H,H) = 16.2 Hz, 1 H,
Pyr-CHCH-Ph-Ph], 7.04 [d, J(H,H) = 16.2 Hz, 1 H, Pyr-CHCH-
Ph-Ph], 2.13 (s, 3 H, -ReCH3) ppm. '3C NMR (100.6 MHz, CDCl;,
25°C): 0=147.7 (2 C), 147.0 (1 C), 142.0 (1 C), 140.2 (1 C), 140.2
(1 C), 134.6 (2 C), 1289 (2 C), 127.7 (2 C), 127.6 (2 C), 127.0 (2
C), 124.8 (1 C), 121.7 (2 C), 24.4 (1 C) ppm. IR (KBr): v = 344
(w), 3032 (w), 1600 (s), 1487 (m), 1426 (m), 1204 (w), 1195 (w),
1015 (m), 976 (m), 934 (vs), 927 (vs), 879 (w), 836 (m), 765 (m),
737 (w), 690 (m), 638 (w), 561 (m), 529 (w) cm!. C5H ;sNOsRe
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(506.57): caled. C 47.40, H 3.58, N 2.77; found C 47.33, H 3.58, N
2.77.

{4-|2-(4-Anthracenylphenyl)ethenyl]pyridine}methyltrioxorhenium
(12): Yield 87 mg (84%). '"H NMR (400 MHz, CDClj, 25 °C): =
8.51 (s, 1 H), 8.33 [d, J(H,H) = 6.2 Hz, 2 H], 8.05 [d, J(H,H) =
8.3 Hz 2 H], 7.76 [d, J(H,H) = 8.3 Hz, 2 H], 7.67 [d, J(H,H) =
8.7Hz, 2 H], 7.47 (m, 7 H), 7.35 [m, J(H,H) = 15.6 Hz, 2 H], 7.15
[d, J(H,H) = 16.2 Hz, 1 H], 2.00 (s, 3 H, -ReCH3) ppm. '*C NMR
(100.6 MHz, CDCl;, 25°C): 0 = 148.2 (2 C), 146.7 (1 C), 140.0 (1
), 136.1 (1 C), 135.0 (1 C), 134.6 (1 C), 132.0 (2 C), 131.4 (2 C),
130.1 (2 C), 128.4 (1 C), 127.2(3 C), 126.9 (1 C), 126.5 (2 ©), 125.6
2C), 1254 (1 ©), 1252 (2 ©), 121.7 (2 C), 24.9 (1 C, -ReCH;)
ppm. IR (KBr): ¥ = 3434 (w), 3050 (w), 1607 (s), 1592 (m), 1443
(w), 1426 (m), 1412 (w), 1384 (m), 1066 (w), 1015 (m), 969 (w), 931
(vs), 881 (m), 827 (m), 790 (w), 735 (s), 653 (W), 635 (w), 613 (m),
568 (w), 554 (m) ecm™'. 541 (m), 422 (w) cm!. CysH»,NO;Re
(606.69): caled. C 55.41, H 3.66, N 2.31; found C 55.80, H 3.72, N
2.24.

Methyl(4-tolylpyridine)trioxorhenium (13): Yield 67 mg (97%). 'H
NMR (400 MHz, CDCl;, 25°C): 6 = 8.31 [d, J(H,H) = 6.2 Hz, 2
H, NC,H,C,H,C-], 7.56 [d, J(H,H) = 6.2 Hz, 2 H, NC,H,C,H,C-
], 7.52 [d, JAH,H) = 79 Hz, 2 H, -CC,H,C,H,CCH3;], 7.30 [d,
J(H,H) = 7.5 Hz, 2 H, -CC,H,C,H,CCH3], 2.41 (s, 3 H, -PhCH,),
1.97 (s, 3 H, -ReCH3;) ppm. '*C NMR (100.6 MHz, CDCls, 25 °C):
0=151.1 (1 C), 147.1 (2 C), 140.3 (1 C), 133.8 (1 C), 130.0 (2 C),
126.9 (2 C), 122.5 (2 C), 24.8 (1 C, -ReCH3), 21.2 (1 C, Ph-CH3)
ppm. IR (KBr): ¥ = 33445 (m), 2925 (w), 1610 (s), 492 (m), 1384
(m), 1262 (w), 1227 (w), 12211 (w), 1073 (m), 1037 (w), 1010 (m),
934 (vs), 927 (vs), 854 (w), 811 (s), 721 (m), 559 (m), 498 (m) cm™ .
C3H 4NO;Re (418.46): caled. C 37.31, H 3.37, N 3.35; found C
37.05, H 3.41, N 3.34.

[4-(3,5-Dimethylphenyl)pyridine]methyltrioxorhenium (14): Yield
106 mg (70%). 'H NMR (400 MHz, CDCl,, 25°C): § = 8.32 [d,
JH,H) = 6.4 Hz, 2 H, NC,H,C,H,C-], 7.56 [d, J(H,H) = 6.6 Hz,
2 H, NC,H,C,H,C-], 7.21 [s, 2 H, -CC,H,C,(CH3),CH], 7.11 [s, 1
H, -CC,H,C,(CH;),CH], 2.39 [s, 6 H, -CC,H,C,(CH3),CH], 1.98
(s, 3 H, -ReCHj3) ppm. 13C NMR (100.6 MHz, CDCls, 25 °C): 6 =
151.4(1C), 147.2(2C), 139.0 (2 C), 136.8 (1 C), 131.5 (1 C), 125.0
(20), 122.8(2C), 244 (1 C), 21.3(2 C) ppm. IR (KBr): ¥ = 3434
(w), 2916 (w), 1613 (vs), 1551 (w), 1507 (w), 1408 (w), 1385 (w),
1232 (w), 1073 (m), 1021 (m), 931 (vs), 828 (s), 664 (m), 589 (m),
561 (m), 434 (w), 418 (w) cm™'. C4,H;(NO3Re (432.49): calcd. C
38.88, H 3.73, N 3.24; found C 38.88, H 3.73, N 3.24.

Single-Crystal X-ray Structure Determination of Compound 5:
C,,H9N; M, = 357.43; crystal colour and shape: colourless frag-
ment, crystal dimensions = 0.51 X 0.56 X 0.64 mm; crystal system:
monoclinic; space group: Cc (no. 9); a = 14.9971(6), b = 10.9497(4),
¢ =124175(5) A; p = 114.048(2)°; V = 1862.14(13) A3, Z = 4; u
(Mo-K,) = 0.073 mm'; peaieq. = 1.275 gem3; O range 2.38-25.34;
data collected: 32910; independent data [I,>2c([,)/all data/R;,]:
3360/3397/0.023; data/restraints/parameters: 3397/2/329;
R1[I,>205(1,)/all data] = 0.0255/0.0258; wR2 [I,>20(1,)/all data] =
0.0709/0.0713; GOF = 1.080; Apmaxmin = 0.13/~0.12 ¢ A3,

Single-Crystal X-ray Structure Determination of Compound 8:
C4H4,NOsRe; M, = 430.47; crystal colour and shape: yellow frag-
ment, crystal dimensions = 0.13 X 0.18 X 0.51 mm; crystal system:
monoclinic; space group: P2; (no. 4); a = 9.0054(2), b = 7.2442(2),
¢ =11.0721(3) A; p = 109.3284(11)°; V = 681.60(3) A3, Z = 2; u
(Mo-K,) = 8.916 mm'; paicq. = 2.098 gem3; @ range 1.95-25.39;
data collected: 10806; independent data [/,>2c([,)/all data/R;,]:
2275/2281/0.059; data/restraints/parameters: 2281/1/173;
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R1[I,>20(1,)/all data] = 0.0259/0.0259; wR2 [I,>20(1,)/all data] =
0.0648/0.0648; GOF = 1.090; Appaxmin = 2.27/-2.57 ¢ A3

Single-Crystal X-ray Structure Determination of Compound 9:
C,5sH (NO3Re; M, = 444.49; crystal colour and shape: yellow frag-
ment, crystal dimensions 0.15X0.15X0.43 mm; crystal system:
monoclinic; space group: P2/m (no. 14); a = 9.1661(4), b =
7.1741(3), ¢ = 22.3772(9) A; f = 97.795(2)°; V = 1457.89(11) A3; Z
=4; u (Mo-K,) = 8.341 mm!; pearea. = 2.025 gem3; O range 1.84—
25.36; data collected: 29722; independent data [/,>2c(1,)/all data/
Ry, ]: 2423/2564/0.058; data/restraints/parameters: 2564/0/183;
R1[1,>20(1,)/all data] = 0.0289/0.0307; wR2 [I,>20(,)/all data] =
0.0671/0.0680; GOF = 1.261; Apaxmin = 0.85/~1.54 ¢ A3,

Single-Crystal X-ray Structure Determination of Compound 10:
C4H3BrNO;zRe; M, = 509.36; crystal colour and shape: yellow
fragment, crystal dimensions 0.05 X 0.13 X 0.53 mm; crystal system:
triclinic; space group: PI (no. 2); a = 5.9849(2), b = 15.9131(6), ¢
=17.0785(6) A; a = 66.0608(15), f = 85.8488(15), y = 86.3720(14)°;
V = 1481.68(9) A%, Z = 4; 1 (Mo-K,) = 10.903 mm™"; pearea. =
2.283 gem3; @ range 1.31-25.45; data collected: 18921; indepen-
dent data [I,>20(/,)/all data/R;,]: 4839/5188/0.042; data/restraints/
parameters: 5188/0/363; R1[I,>2c(l,)/all data] = 0.0264/0.0286;
wR2 [I,>20(1,)/all data] = 0.0697/0.0721; GOF = 1.048; Apmax/min
=2.13/-1.85eA 2.

Single-Crystal X-ray Structure Determination of Compound 11:
C,oH sNO3Re; M, = 506.56; crystal colour and shape: yellow frag-
ment, crystal dimensions 0.24 X 0.35 X 0.38 mm; crystal system: tri-
clinic; space group: PI (no. 2); a = 5.7288(3), b = 11.4564(6), ¢ =
27.4120(14) A; a = 82.715(3), f = 89.200(2), y = 77.895(2)%; V =
1744.74(16) A3, Z = 4; u (Mo-K,) = 6.983mm"; peueq. =
1.929 gem3; O range 0.75-25.37; data collected: 69973; indepen-
dent data [/,>20(/,)/all data/R;,]: 5347/6039/0.070; data/restraints/
parameters: 6039/0/453; R1[I,>2c(l,)/all data] = 0.0217/0.0279;
wR2 [I,>20(1,)/all data] = 0.0507/0.0538; GOF = 1.068; Apmax/min
=0.87/-0.52eA.

Single-Crystal X-ray Structure Determination of Compound 12:
C,3H,,NO3Re; M, = 606.68; crystal colour and shape: yellow frag-
ment, crystal dimensions 0.15 X 0.18 X 0.36 mm; crystal system: tri-
clinic; space group: P1 (no. 2); a = 9.8694(3), b = 10.9626(4), ¢ =
12.5154(7) A; a = 99.490(2), f = 105.050(2), y = 112.906(1)°; V =
1149.449) A3, Z = 2; u (Mo-K,) = 5316 mm™"; peaeq. =
1.753 gem™3; O range 1.77-25.44; data collected: 27800; indepen-
dent data [I,>20([,)/all data/R;,]: 3917/3955/0.039; data/restraints/
parameters: 3955/0/299; R1[I,>2c(l,)/all data] = 0.0139/0.0141;
wR2 [I,>20(1,)/all data] = 0.0356/0.0358; GOF = 1.078; Apmax/min
=1.12/-0.44 e A7,

Single-Crystal X-ray Structure Determination of Compound 13:
C3H 4NOsRe; M, = 418.46; crystal colour and shape: yellow frag-
ment, crystal dimensions 0.15X0.20X0.38 mm; crystal system:
monoclinic; space group: P2,/c (no. 14); a = 11.6924(4), b =
14.3708(4), ¢ = 8.2219(3) A; = 110.3695(14)°; V' = 1295.13(8) A3;
Z =4; u Mo-K,) = 9.381 mm ', peaea. = 2.146 gem™3; O range
1.86-25.39; data collected: 4902; independent data [I,>2c(l,)/all
data/R;,]: 2196/2260/0.028; data/restraints/parameters: 2260/0/165;
R1[I,>20(1,)/all data] = 0.0218/0.0225; wR2 [I,>2c(I,)/all data] =
0.0556/0.0561; GOF = 1.144; Apmaxmin = 1.12/-1.39 ¢ A 3.

Single-Crystal X-ray Structure Determination of Compound 14:
C14HsNO3Re; M, = 432.49; crystal colour and shape: yellow nee-
dle, crystal dimensions 0.03 X 0.05 X 0.23 mm; crystal system: mo-
noclinic; space group: P2,/m (no. 11); a = 6.4763(9), b = 11.652(2),
¢ =18.930(3) A; f = 93.705(6)°; V = 1425.5(4) A3; Z = 4; i (Mo-
K,) = 8.527mm™; peaeq. = 2.015 gecm3; O range 1.08-25.37; data
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collected: 35302; independent data [I,>2c(1,)/all data/R;,]: 2592/
2741/0.048; data/restraints/parameters: 2741/0/195; R1[1,>2c(1,)/
all data] = 0.0186/0.0200; wR2 [I,>20(1,)/all data] = 0.0410/0.0416;
GOF = 1.099; Appmax/min = 1.09/-1.30 e A3

CCDC-777693 (for 5), -777694 (for 8), -777695 (9), -777696 (for
10), -777697 (for 11), -777698 (for 12), -777699 (for 13), and -77770
(for 14) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Formation Constant Measurements: An UV/Vis spectrophotometric
method was used to determine the formation constants of the chro-
mophoric Lewis base adducts of MTO. Aliquots of a 0.1 mM solu-
tion of MTO in CH,Cl, were successively added to a 0.1 mm solu-
tion of the ligand in CH,Cl, in a quartz cuvette (path length 1 cm,
total volume 3 mL). UV/Vis spectra of the homogeneous solutions
at equilibrium containing the metal complex, the ligand and the
adduct were recorded in the range of 200-400 nm before and after
each addition of the MTO aliquot. The values of the formation
constants were calculated by fitting the equilibrium absorbance at
a certain wavelength to Equation (2) or (3) according to the chosen
wavelength and the free ligand absorption using the IGOR com-
puter program.

Catalysis: In a typical experiment, 1-octene (0.628 mL, 4 mmol),
MTO (10 mg, 0.04 mmol), ligand (0.2 mmol), 0.200 mL of mesity-
lene (internal standard), 0.200 mL of toluene (internal standard)
and 2.45 mL of CH,Cl, were added to the reaction vessel under
standard conditions at room temperature. The reaction started
upon addition of H,O, (35% aqueous solution) (0.55 mL, 6 mmol)
under vigorous stirring. The course of the reaction was monitored
by quantitative GC analysis. Samples (0.2 mL) were taken at spe-
cific time intervals, treated with Na,SO; to quench the excess of
peroxide and to remove water, filtered and diluted with dry CH,Cl,
before injection into a GC column. The conversion of 1-octene and
the formation of octene epoxide were calculated from calibration
curves (12 = 0.999) recorded prior to the reaction course.

Testing the Photostability of the Complexes: Selected ligands were
treated with an equimolar amount of '"O-labelled MTO (prepared
by a published procedurel!l) or in a fivefold excess and the 'H and
70 NMR spectra were recorded. The adduct solutions (0.1 M in
CDCl3) were then exposed to UV light and analysed again by 'H
and "0 NMR spectroscopy. For the UV/Vis analysis, a 0.1 M solu-
tion of complex 11 in CH,Cl, was prepared and exposed to UV
light. Samples were taken over a timespan of 2 h, diluted with
CH,Cl, and the UV/Vis spectra were recorded.

Supporting Information (see also the footnote on the first page of
this article): UV/Vis spectra of ligands and complexes, spectro-
scopic data for the determination of the stability constants and 'O
NMR spectra of selected complexes.
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Ordered Olivine-Type Lithium—Cobalt and Lithium—Nickel Phosphates
Prepared by a New Precursor Method
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Single phases of olivine-type LiCoPO, and LiNiPO, were
synthesized by thermal treatment of homogeneous lithium-
metal-phosphate—formate precursors obtained by freeze dry-
ing of aqueous solutions of the corresponding metal formates
and LiH,PO,. The structure, thermal behavior, and mor-
phology of the precursors were studied by IR spectroscopy,
DTA, and SEM. Cobalt and nickel phosphate—formate pre-
cursors have a composition LiMH,(PO,)(HCOO), yH,O,
where the formate and phosphate groups are mainly depro-
tonated. For the Co precursor the formate and phosphates
ions are randomly coordinated to both Co and Li cations,
whereas for the Ni precursor there is a preferential coordina-

tion of the formate and phosphate ions around the Ni?* and
Li* ion, respectively. Thermal treatment of the precursors
yields single phases of olivine-type LiCoPO, at 450 °C and
LiNiPO, at 700 °C. Structural analysis evidences that both
LiCoPO, and LiNiPO,4 have an ordered olivine-type structure
without any Li to M disorder between the metal positions
and lithium deficiency. The effect of the freeze-dried solution
concentration and annealing temperature on the structure,
crystallite size, and morphology of LiCoPO, and LiNiPO, has
been discussed. The morphology of the cobalt and nickel
phospho-olivines comprises isometric particles with mean
sizes of 190 and 380 nm, respectively.

Introduction

Lithium—transition metal orthophosphates with olivine-
type structure (LiMPO,4, M = Fe, Mn, Co, and Ni) are the
most intensive studied compounds as cathode materials for
lithium-ion batteries in the last years. This is a consequence
of their high cycling stability, tolerance to overcharge, and
safety.l'? The best electrochemical performance is achieved
with the iron analogue LiFePO,. The electrochemical reac-
tion takes place by reversible lithium intercalation in the
olivine structure concomitantly with the oxidation/re-
duction of Fe?* to Fe**, the operating voltage being 3.4 V.
By simple replacement of iron by manganese, cobalt, and
nickel, a higher operating voltage and energy density of the
phospho-olivines can be achieved, which is beneficial for
their electric vehicle applications. Cobalt and nickel phos-
pho-olivines exhibit higher operating voltages (4.8 and
5.1 V vs. Li*/Li) and energy densities (227.4 and 250.2 Wh/
kg).**1 The main drawback of the phospho-olivines is their
low electronic and ionic conductivity. To overcome this
drawback, specific synthesis methods have to be developed
that aim to minimize the dimensions of the particles and/
or to cover them with conductive substances. In this topic,
a lot of work is carried out on the preparation of LiFePO,
and LiMnPO,, whereas the reports on the preparation of
LiCoPO, and LiNiPO, are limited.

[a] Institute of General and Inorganic Chemistry, Bulgarian
Academy of Sciences,
Acad. G. Bonchev St, bl. 11, 1113 Sofia, Bulgaria
Fax: +359-2-8705024
E-mail: vkoleva@svr.igic.bas.bg
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LiCoPO, has been prepared by using solid-state reac-
tions®%7 and soft chemistry routes.®-'31 A common feature
of all synthetic methods is the relatively high temperature
where LiCoPOQ, is formed (600-800 °C and prolonged heat-
ing). Concerning LiNiPO,, solid-state reactions,*'l sol-
gel,’! and coprecipitation!!”] methods are used, but in all
cases the synthesis temperature exceeds 775 °C.

Recently, we developed a phosphate—formate precursor
method for the preparation of nano-sized olivine-type Li-
FePO,.['% The method is based on the formation of homo-
geneous lithium-iron—-phosphate—formate precursors by
freeze drying aqueous solutions containing lithium,
iron(IT), phosphate, and formate ions. Thermal treatment
of the lithium-iron—phosphate—formate precursors at tem-
peratures above 300 °C yields nanometric LiFePO, (particle
sizes between 60 and 100 nm) containing up to 2 mass%
carbon. The advantage of this method is related to the abil-
ity to control the morphology of lithium-iron—phosphate—
formate precursors by a simple variation of the concentra-
tion of the freeze-dried solutions. This, on its turn, has an
impact on the carbon content, particles size distribution,
and electrochemical properties of target LiFePO,.I'l The
aptitude of the phosphate—formate precursor method to de-
sign simultaneously precursors and the target product has
also been demonstrated with the preparation of nanocrys-
talline manganese phospho-olivine LiMnPO,.l'8! By this
method a new structural modification of LiNiPO, (with
Na,CrO,-type structure) has been prepared.['’]

In this paper we examine the applicability of the phos-
phate—formate precursor method for the preparation of co-

View this journal online at
wileyonlinelibrary.com
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balt and nickel phospho-olivines, LiCoPO, and LiNiPO,.
The precursors and target LiCoPO, and LiNiPO, composi-
tions were characterized by XRD, IR spectroscopy, DTA,
and SEM. The mechanism of cobalt and nickel phospho-
olivines formation is discussed on the basis of iron and
manganese analogues.

Results and Discussion

Composition and Structure of the Li—-M—-Phosphate—
Formate Precursors (M = Co and Ni)

Freeze drying of the solution containing Li*, Co?** or
Ni%*, PO,*and HCOO in the ratio 1:1:1:2 yields amorph-
ous powders with compositions as follows: pink
LiCoH (PO4)(HCOO),yH,O (x = 1 and y = 1.5) and pale
green LiNiH (PO,4)(HCOO),-yH,0 (x = 1.2; 2.5 <y < 2.7).
The precursor compositions do not depend on the concen-
tration of freeze-dried solutions. These results evidence for
partial formic acid sublimation during the freeze-drying
process: 1 and 0.8 mol of HCOOH are sublimated in the
case of Co and Ni precursors, respectively. The same results
were established for the iron and manganese phosphate—
formate precursors,['%!81 where only 1 mol of HCOOH is
sublimated.

To examine the form and type of coordination of the
anion groups in the freeze-dried compositions, IR spec-
troscopy was undertaken. Figures 1 and 2 give the IR spec-
tra of Co and Ni freeze-dried precursors. For the sake of
comparison, the IR spectra of M(HCOO),2H,O and
M(H,PO,),2H,O (M = Co, Ni) are also presented. The
dihydrogen phosphates were synthesized as described else-
where.[20]

Three groups of IR bands due to the vibrations of for-
mates, phosphates, and OH groups are resolved in the spec-
tra of the precursors. It is noticeable that the concentration
of the freeze-dried solution does not affect the IR profiles.
The analysis of the IR spectra of both Co and Ni precur-
sors reveals the presence of the characteristic IR vibrations
due to deprotonated formate ions:?!! v,(COO) at 1607
1584 cm™'; 6(CH) in the range 1399-1393 cm !; vy(COO) in
the range 1378-1355cm™!, and 8,(OCO) in the range 795—
774 cm~!. All these characteristic vibrations are clearly seen
in the IR spectra of the initial Co and Ni formate salts,
M(HCOO),-2H,O (M = Co, Ni). Close inspection of Fig-
ure 2 shows that the wavenumbers of §(CH) and v,(COO)
vibrations are the same for the Ni precursor and for pure
Ni(HCOO),-2H,0. Therefore, one can suggest that for the
Ni precursor the formate ions are predominantly coordi-
nated to the Ni*>* ions. Contrary to Ni, it appears that for
the Co precursors the formate ions are coordinated simulta-
neously to both Co?>" and Li".

The vibrations associated with the deprotonated phos-
phate ion (PO,*") are also well seen in the IR spectra of the
Co(Ni) precursors (Figures 1 and 2). The two bands in the
1080-1008 cm ! range for the Co precursors and the band
at 1060 cm™! for the Ni precursors are due to the asymmet-
ric v; stretching vibrations of the PO,* ions. The doublets
4092
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Figure 1. IR spectra of Co(HCOO),-2H,0, Co(H,PO4,),2H,0, and
lithium—cobalt—phosphate—formate precursors.
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Figure 2. IR spectra of Ni(HCOO),:2H,0, Ni(H,PO,),-2H,0, and
lithium-nickel-phosphate—formate precursors.

at 578/530 and 594/514 cm™! for the Co and Ni precursors,
respectively, are associated with the asymmetric v4 bending
PO, vibrations.”?! It is worth mentioning that the posi-
tions of the vy and v, vibrations for the PO,> ions in the
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Ni precursors are close to those observed for Li;PO, at
1040 and 592 cm™'.[23] Hence, it appears that the phosphate
ions in the Ni precursors are preferentially coordinated
around the Li* ions.

In addition, the Ni precursor exhibits three low intensive
bands at 960, ca. 1230, and 1720 cm™' (Figure 2). These
bands can be attributed to the protonated forms of the co-
ordinated anions - HCOOH and/or H,PO, or HPO,>". To
analyze this feature, the characteristic vibrations of proton-
ated HCOOH and/or H,PO, or HPO,?> groups are taken
into account: for HCOOH, the v(C=0), v(C-O), and
v(OH) vibrations are at 1700, 1260- and 975 cm™!,>4
whereas for the protonated phosphate ions (H,PO4 or
HPO,%) the out-of-plane §(OH) and in-plane y(OH) bend-
ing POH vibrations are at 1230-1260 and 800-
900 cm~'.25261 The comparison shows that the three ad-
ditional bands at 1720, 1230, and 960 cm ' are due to
HCOOH rather than to protonated phosphate ions. The
presence of small amount of protonated HCOOH is in ac-
cordance with the chemical composition of the Ni precur-
sor, where the amount of formate species is higher than
1 mol.

In the range of the stretching OH vibrations, two bands
at 3430 and ca. 3250 cm™! are observed for the Co precur-
sors, whereas there are four bands between 3500 and
3200 cm™! for the Ni precursors. The bending water vi-
bration is seen at 1650-1670 cm™!. For the Ni precursors,
the positions of the four OH bands are close to that in
initial Ni(HCOO),:2H,O (Figure 2). For the sake of com-
parison, for LIHCOO-H,O these bands are at 3398 and
3109 cm™!.271 This comparison shows that the water mole-
cules are mainly coordinated to the nickel ions in the Ni
precursors. The difference in the positions of OH vibrations
for the cobalt precursors and Co(HCOO),-2H,O (Figure 1)
and LiIHCOO-H,OP" reveals that water molecules are co-
ordinated to both cobalt and lithium ions in the cobalt pre-
cursors.

Summarizing, two features concerning the form and the
type of coordination of the anionic groups and water mole-
cules in the Co and Ni precursors can be outlined. First, in
both types of precursors the formate and phosphate groups
are mainly deprotonated. Second, there is a difference in
respect to the type of coordination of the anionic groups
and water molecules. Thus, in the Co precursors the for-
mate and phosphate ions and the water molecules are coor-
dinated to both types of cations without any preference. A
similar feature was established for the Fe and Mn precur-
sors obtained by the same freeze-drying method.['®!8 Con-
trary, in the case of Ni precursors the formate ions and the
water molecules prefer to coordinate the Ni** ions, whereas
the phosphate ions coordinate the Li* ions. This is a specific
feature of the Ni precursors obtained by freeze-drying of
mixed phosphate—formate solutions.

The Ni and Co precursors exhibit not only a different
structure, but also a different morphology. Figure 3 gives
the SEM images of both precursors. Whereas the mor-
phology of the Co precursors consists of flake-like aggre-
gates, the Ni precursors display “cabbage”-like aggregates.
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By increasing the concentration of the freeze-dried solu-
tions, there is a slight tendency for increasing the aggregate
dimensions of the Ni precursors. It is worth noting that
a flake-like morphology was established for the iron and
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Figure 3. SEM images of LiCo- and LiNi-phosphate—formates
precursors.
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manganese phosphate—formate precursors. This result dem-
onstrates once again the difference in the formation of the
Ni precursors by freeze drying of solutions. The different
structure and morphology of the Ni precursors as com-
pared to that of Co, Mn, and Fe precursors can be related
with the complex equilibria in the metal-phosphate—for-
mate solutions.

The thermal properties of the Li-M-phosphate—formate
(M = Co, Ni) precursors were followed by differential ther-
mal analysis (Figures 4 and 5). For both compositions, en-
dothermic peaks between 50 and 200 °C accompanied with
a mass loss are clearly observed. These peaks can be related
with dehydration processes, as was observed for the thermal
decomposition of M(HCOO),2H,O (M = Co, Ni)?82°
and LiHCOO.B?% According to the TG curves they corre-
spond to the release of 1.5 and 2.7 mol H,O molecules from
the Co and Ni precursor, respectively. Above 200 °C, the
decomposition of the formate species occurs, which is regis-
tered on the DTA curves with several endo- and exothermic
effects. In addition, the decomposition process is more com-
plex and finishes at higher temperatures for the Ni precur-
sor: the total mass loss for the Ni precursor up to 550 °C is
38.8%, whereas for the Co precursor the total mass loss is
31.1% up to 400 °C. This is a result of the appearance of
more than one mol of formate species in the Ni precursor.

> —

Endo — Exo

70

0 100 200 300 400 500 600
Temperature (°C)

Figure 4. TG, DTA, and DTG curves for PrCo-S005.

-— > —
Endo — Exo

0 100 200 300 400 500 600 700
Temperature ("C)

Figure 5. TG, DTA, and DTG curves for PrNi-S005.
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Structural and Morphological Characterization of LIMPO,
(M = Co, Ni)

LiCoPO,

The XRD patterns of PrCo-S005 annealed between 350
and 600 °C is shown on Figure 6. The XRD analysis shows
that olivine-type LiCoPOy is already formed at 350 °C. In
addition, the partially decomposed precursor at 350 °C
comprises also impurity phases including CoO, Li;PO,,
Co0304, Co,P,0,, and an unknown phase with a strong dif-
fraction peak at 20 = 22.14°. The phase composition is the
same for the samples obtained from diluted and concen-
trated freeze-dried solutions. Further annealing of the sam-
ples leads to a decrease in the amount of the impurity
phases, culminating at 450 °C in the formation of a single
phase of well-crystallized LiCoPO,. To the best of our
knowledge this is the lowest synthesis temperature that was
reported for pure olivine-type LiCoPO,. The data obtained
reveal that the formation of LiCoPO, from the phosphate—
formate precursors takes place through interaction between
Li;PO,, Co,P,05, and cobalt oxides (CoO and/or Co30,).
The same mechanism of phospho-olivine formation was es-
tablished also for LiMnPO,.'8! Contrary to Co and Mn
phospho-olivines, a single LiFePO, phase is formed directly
after the release of the formic acid (i.e., at 350 °C), which is
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Figure 6. XRD patterns of PrCo-S005 annealed between 350 and
600 °C. Symbols: olivine-type LiCoPO4 (O), LizPO4 (¥); CoO (+),
Co0504 (@), Co,P,05 (v), unknown phase (?).
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accompanied with carbon deposition (up to 2.5 mass %).1'®!
Contrary, no carbon was detected for the LiMnPO, and
LiCoPO, samples. This demonstrates the different mecha-
nism of formation of LiCo/MnPO, and LiFePO, from
phosphate—formate precursors.

The XRD patterns of LiCoPO,4 obtained between 450
and 600 °C are satisfactory fitted by Rietveld analysis on
the basis of the model of an ideal olivine structure, SG
Pnma (Figure 7) and the structural parameters are given in
Table 1. The lattice parameters and unit cell volumes seems
to be insensitive towards both the annealing temperature
and the concentration of the freeze-dried solutions. For the
fitting procedure a possible Li/Co disorder between the 4a
and 4c sites was also tried. However, after the refinement
the occupancy factors of Li at 4a and Co at 4¢ tend to 1
(within the experimental error). For LiCoPO, annealed at
450 °C, the fitting procedure gives R, = 3.86 with Li/Co
disorder of 0.0035=0.0015 vs. R, = 4.00 without disorder;
for LiCoPO, annealed at 500 °C — R, = 3.48 with Li/Co
disorder of 0.0018 =0.0014 vs. R, = 3.56 without disorder;
for LiCoPO, annealed at 600 °C — R, = 5.29 with Li/Co
disorder of 0.0044 = 0.0014 vs. R, = 5.30 without disorder.
On the basis of the Rietveld refinement of neutron and X-
ray powder diffraction, Ehrenberg et al.’! reported a Li
deficiency at 4a site (92% occupancy) for LiCoPO, ob-
tained by the citric-assisted Pechini method at 600 °C. We
have also tested a Li deficiency at 4a, but the refinement
results rejected this possibility: for LiCoPO, annealed at
450 °C Ry, is 4.06 for 4a site occupancy of 0.980 = 0.020; for
LiCoPO, annealed at 500 °C R, is 3.53 for 4a site occu-
pancy of 1.010 =0.010; for LiCoPO,4 annealed at 600 °C R,
is 5.39 for 4a site occupancy of 1.020 = 0.020. This means
that LiCoPO, without any Li/Co disorder and Li deficiency
is formed from phosphate—formate precursors between 450
and 600 °C. For comparison, LiMnPO, samples prepared
by the same method at 500-600 °C are characterized by an
ordered olivine-type structure, whereas at a lower tempera-
ture (450 °C) a small Li/Mn disorder of 2.6% between 4a
and 4c sites was found.[!®]

LiCoPO4 -S005, 450°C
Observed

= —Calculated
X

2

k| il

| [ o L I O O A O T TR
i ¥ 1 L4 1 L 1 L4
20 50 60

30, 40
20()

Figure 7. Rietveld refinement of the XRD pattern of PrCo-S005
annealed at 450 °C.

The results from XRD analysis are confirmed by the IR
spectroscopic data (Figure 8). The decomposition of the
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Table 1. Structural parameters of LIMPO, (M = Co and Ni) deter-
mined by Rietveld analysis.

Atom Site  x B (A?») SOF@

LiCoPO4-S005, 450 °C

a =10.2026(3) A, b = 5.9212(1) A, ¢ = 4.6995(1) A
v = 283.907(16) A3

R,, =117, R, = 4.00, R, = 3.57

v z

Li 4a 0 0 0 1.1 1.0
Co 4c 02788(1) 1/4  0.9791(5) 0.9 1.0
P 4c 0.0958(3) 1/4  0.4200(7) 1.0 1.0
0l 4c 0.0955(7)  1/4 0.743(1) 0.9 1.0
02 4c 0454709)  1/4 0.205(1) 0.9 1.0
03 8d  0.1654(8) 0.0458(7) 0.2853(8) 0.9 2.0
LiCoPO,-S005, 500 °C ) )

a =10.20452) A, b = 5.9213(1) A, ¢ = 4.7002(1) A

V= 284.012(14) A3

R,, = 10.90, R, = 3.56, R, = 3.76

Li 4a 0 0 0 12 1.0
Co 4c 02787(1) 14 097894) 1.3 1.0
p 4c 0.0951(3) /4 0.4186(6) 1.1 1.0
o1 4c 0.0958(6) /4 0.745(1) 0.9 1.0
02 4c 04561(8) /4 0.206009) 0.9 1.0
03 8d  0.1670(5) 0.0456(6) 0.2848(7) 0.9 2.0
LiCoPO,-S005, 600 °C ) )

a =10.2057(1) A, b = 5.9228(1) A, ¢ = 4.7009(1) A

V = 284.161(7) A3

R,, =10.30, R, = 5.29, R, = 6.84

Li 4a 0 0 0 1.1 1.0
Co 4c 02787(1) 14 097854) 0.9 1.0
p 4c 0.09552) /4 0.4204(6) 1.0 1.0
01 4c 0.0978(5) /4 0.744(1) 0.9 1.0
02 4c 04543(7) 14 0.206909) 0.9 1.0
03 8d  0.1658(4) 0.0456(6) 0.2823(7) 0.9 2.0
LiNiPO4-S005, 700 °C

a =10.0384(1) A, b = 5.85945(5) A, ¢ = 4.68020(5) A

¥ = 275.288(5) A3

R,, =832, R, =337, R,=4383

Li 4a 0 0 0 1.1 1.0
Ni 4¢ 02757(1)  1/4  09821(2) 1.2 1.0
P 4¢ 0.09522) 1/4  0.41994) 1.1 1.0
01l 4¢ 0.0996(3) 1/4  0.7450(7) 0.7 1.0
02 4c 0.4503(4) 1/4  0.2019(6) 0.7 1.0
03 8d  0.1647(3) 0.0447(4) 0.2760(4) 0.7 2.0

[a] The site occupation factors (SOF) are given as number of atoms
per formula unit.

LiCo precursors is completed for a short heating time at
350 °C (3 h) after the release of formic acid. The IR spec-
trum does not display any IR bands due to the formate ions
vibrations. There are only bands due to the stretching PO
and bending OPO vibrations. By extending the heating time
from 3 to 10 h, the characteristic PO4>~ ion vibrations be-
come more resolved. The LiCo samples annealed at 450 °C
exhibit the typical IR spectrum for well crystalline olivine-
type LiCoPO,:[*? v5(PO,) modes in the region 1149-976
and v4(PO,4) modes in the region 646-550 cm™!. The bands
at 521 and 471 cm ™! are suggested to originate mainly from
Li* translations.[*?! The bands positions are independent on
the annealing temperature, which evidences the good ther-
mal stability of the obtained LiCoPO, powders.
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Figure 8. IR spectra of PrCo-S005 annealed between 350 and
600 °C.

The influence of the initial solution concentration and
the annealing temperature on the LiCoPO, morphology is
demonstrated by SEM analysis (Figure 9). The correspond-
ing particles size distributions as determined from SEM
analysis are also given (Figure 9, right). The morphology
of LiCoPO, consists of isometric particles with close size
distribution and does not depend on the solution concen-
tration: the mean particles dimensions are around 185 + 35
and 190 = 30 nm for powders obtained at 500 °C from 0.05
and 0.10 m solutions, respectively (Figure 9A and B). By in-
creasing the annealing temperature from 500 to 600 °C,
there is a particle growth (around 230 = 40 nm) and particle
size distribution is slightly disturbed (Figure 9C). In ad-
dition, the crystallite sizes of LiCoPO, determined from the
X-ray diffraction line broadening fall in the nanometric
range (between 70 and 100 nm, Figure 10). On increasing
the annealing temperature, the crystallite sizes tend to in-
crease. Furthermore, the crystallite sizes slightly increase
with the concentration of the freeze-dried solutions. It is
worth mentioning that the crystallite sizes are slightly lower
than the particle size dimensions determined from SEM
analysis.

LiCoPO, obtained from phosphate—formate precursors
is characterized with particles having small dimensions. In
the literature, there are several reports on the formation of
LiCoPO, with particle dimensions varying from 50 nm to
5 um: for LiCoPO, obtained by solid-state reactions the
particles were about 200-300 nm!® and 0.5-5 um,[ for
4096
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Figure 9. SEM images (left column) and corresponding particles
size distributions (right column) of LiCoPOQ,.
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Figure 10. Dependence of the crystallite size D,g, on the synthesis
temperature for LiCoPO, and LiNiPO, prepared from two freeze-
dried solutions. Symbols: LiCoPO, prepared from 0.05 m solution
(O) and 0.10 M solution (@), LiNiPO, prepared from 0.05 m solu-
tion ((J) and 0.10 M solution (H).

LiCoPO, obtained by microwave heating the particles were
about 400 nm 2 pm,!'3! and for LiCoPO, prepared from cit-
ric acid assisted sol-gel method the particles were about
50 nm.") The particles sizes of LiCoPO, were reduced to
about of 100-150 nm by addition of conductive carbon dur-
ing the synthesis!®'3l or by subsequent high-energy ball
milling.””? The comparison shows that the phosphate—for-
mate precursor method allows preparing LiCoPO, with
small particles, which will be favorable for its electrochemi-
cal performance.

Because the iron, manganese, and cobalt phosphate—
formate precursors have a close structure and mor-
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phology,['6181 it deserves to compare the particle dimen-
sions and the crystallite sizes of the target LIMPO, olivines.
The results show that the particle dimensions and crystallite
sizes increase in the following order: LiFePO, < LiMnPO,
< LiCoPO,. The observed order can be related with the
specific features of their formation: LiFePO, is directly
formed after decomposition of the phosphate—formate pre-
cursor, whereas both LiMnPO, and LiCoPO, are a result
of the solid-state reaction between the decomposition prod-
ucts. Further, the formation of LiCoPO, proceeds in air,
whereas an argon atmosphere is needed for LiMnPOy,.
LiNiPO,

The XRD patterns of PrNi-S005 annealed at tempera-
tures between 400 and 750 °C for 10 h are depicted in Fig-
ure 11. Thermal treatment of the LiNi—formate—phosphate
precursors at 400 °C yields a phase mixture of metal Ni,
NiO, and lithium phosphates phases like Li;PO, and
Li4P,O;. LiNiPOy is formed at a temperature higher than
400 °C through a solid-state reaction between nickel oxide
and lithium phosphates. A characteristic feature is that the
LiNiPO,4 composition at 500 °C represents a phase mixture
between two structural modifications: olivine-type and
Na,CrO,-type modifications (denoted also as p’-phase
inB3)). The mechanism of formation of the two forms of
LiNiPO, from a LiNi-phosphate—formate precursor was
discussed in our previous communication.'”! The appear-
ance of the metastable Na,CrO4-type modification of
LiNiPO, at 500 °C is a specific feature of the phosphate—
formate precursor method for the Ni analogue. This reveals,
most probably, once again the different structure and mor-
phology of the nickel-phosphate—formate precursor.

Intensity (a.u)

?

20 30 .40 50 60
26 ()

Figure 11. XRD patterns of PrNi-S005 annealed between 400 and
700 °C. Symbols: Li;PO, (*), metal Ni (+), NiO (@), LiyP,O; (v),
unknown phase (?), Na,CrOy-type LiNiPOy (B), olivine-type LiNi-
PO, (O), common peak (x).

The temperature-induced transformation of the metasta-
ble Na,CrOy-type to the olivine-type LiNiPO, is finished at
700 °C (Figure 11). Figure 12 and Table 1 give the results
of the Rietveld refinement based on an ideal olivine-type
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structure of the XRD pattern of LiNiPO, annealed at
700 °C. As in the case of LiCoPQy, the structural analysis
reveals the formation of an olivine-type LiNiPO, phase, SG
Pnma, without any Li/Ni disorder (between 4a and 4c¢ posi-
tions) and Li deficiency: R, = 3.18 with Li/Ni disorder of
0.004 =0.002 vs. R, = 3.29 for 4a site occupancy of
1.020 £0.020 vs. R, = 3.37 without Li/Ni disorder and Li
deficiency. In addition, the unit cell parameters of LiNiPO,
do not depend on the concentration of the freeze-dried
solutions.

LiNiPO = S005, 700 °C
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Figure 12. Rietveld refinement of the XRD pattern of PrNi-S005
annealed at 700 °C.

Figure 13 shows the IR spectra of the samples annealed
between 400 and 700 °C. The IR spectrum at 400 °C is
dominated by the absorption bands of phosphate groups in
the regions of 1150-900 and 650-500 cm~!. The weak bands
around 1630, 1400, and 750 cm™! are related with residual
formate species. In accordance with the XRD data, the IR

1101 1062
980

PrNi-S005

Absorbance (a.u)

1500 1000

Wavenumber (cm'l)

Figure 13. IR spectra of PrNi-S005 annealed between 400 and
700 °C.
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spectrum of the sample annealed at 500 °C displays absorp-
tion bands due to the two LiNiPO, phases. The bands at
934, 609 and 501 cm™! (v, v4, and v, modes, respectively)
are attributed to the Na,CrO,-type form only, whereas the
residual bands originate from both forms. The IR spectrum
of the sample at 700 °C fully coincides with that of pure
olivine-type LiNiPO,B3? (Figure 13): v;(PO,) vibration at
943 cm™!, v3(PO,) vibrations in the region 1147-980 cm™!,
v4(PO,) vibration in the region 662-550 cm™!, and Li*-
translations in the range 525-476 cm™'.

Figure 14 depicts the SEM image of the olivine-type Li-
NiPO, prepared by the phosphate—formate method at
700 °C. As in the case of LiCoPOQ,, the morphology of
LiNiPO,4 comprises isometric particles with a higher mean
size of 380 £ 70 nm and a broader particle size distribution.
The particle size derived from SEM is larger than the crys-
tallite size derived from XRD (about 90 nm, Figure 10).
This means that the SEM particles are not single crystals.
It is worth mentioning that there are no data in the litera-
ture for morphological characterization of LiNiPO,.

30

LiNiPO,- S005
T=700"C

¥y
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Relative part ( %)
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0
200 240 280 320 360 400 440 480 520 560
Particles size (nm)

g

18kV X2 ea . JSM-5518

Figure 14. SEM image and particles size distribution of LiNiPO,
annealed at 700 °C.

Conclusion

Homogeneous lithium-metal-phosphate—formate pre-
cursors with a composition LiMH (PO4)(HCOO),-yH,O
(M = Co, Ni) were prepared by freeze drying of aqueous
solutions of the corresponding metal formates and
LiH,PO,. Cobalt and nickel precursors have different struc-
ture and morphology. Whereas in the Co precursors the
formate and phosphates ions are randomly coordinated to
both Co and Li cations, in the Ni precursors the formate
ions are preferentially around Ni** and the phosphate ions
are around Li*. The morphology of the Co precursors con-
sists of flake-like aggregates, whereas the “cabbage”-like ag-
gregates are formed for the Ni precursors. Nickel phos-
phate—formate precursors are decomposed at higher tem-
peratures in comparison with the Co analogues. Thermal
treatment of the precursors yields single olivine-type LiCo-
PO, at 450 °C and LiNiPOy, at 700 °C with crystallite sizes
of 65 and 90 nm, respectively. LiCoPO, and LiNiPOy4
phases display isometric particles with mean SEM particle
dimensions of 185 and 380 nm, respectively. For both Co
and Ni systems, the phosphate—formate precursor method
yields olivine-type phase without any Li to M disorder (be-
tween 4a and 4c¢ positions) and Li deficiency. A specific
feature of LiNiPQy is that a phase mixture between olivine-
4098
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type and Na,CrOy-type structural modifications is formed
at 500 °C. The Na,CrOy-type modification of LiNiPO, is
transformed to olivine-type LiNiPO, at 700 °C.

Experimental Section

Preparation of Lithium—Cobalt—Phosphate—Formate and Lithium-
Nickel-Phosphate—Formate Precursors: The starting reagents are
M(HCOO),2H,O0 (M = Co, Ni) and LiH,PO, (Aldrich). The
metal formate dihydrates, M(HCOO),-2H,0O, were prepared by
neutralization of dilute formic acid solutions with the correspond-
ing carbonates at 60-70 °C. The solutions were then filtered and
concentrated. The crystals M(HCOO),2H,O (M = Co, Ni) grew
by cooling at room temperature. They are very stable upon storage,
which ensures an exact stoichiometry of the target products. Trans-
parent phosphate—formate solutions of lithium and cobalt
(nickel, respectively) were obtained by mixing the solutions of
M(HCOO),2H,O (M = Co or Ni) and LiH,PO, keeping a stoi-
chiometric ratio M/Li = 1:1. The pH value of both solutions before
mixing was adjusted to pH = 3 with addition of a small quantity
of HCOOH (1:1). In comparison with the iron and manganese
salts, the solubility of Co(HCOO), and Ni(HCOO), in water is
limited up to 2.7% at 25 °C. Therefore, in these cases the concentra-
tions of freeze-dried solutions were varied between 0.05 and 0.10 M
(with respect to the metal ions). The solutions thus prepared were
frozen instantly with liquid nitrogen and dried in vacuo (20—
30 mbar) for about 17 h at —20 °C with an Alpha-Christ Freeze
Dryer. For the sake of simplicity, the precursors obtained from
solutions with different concentrations will be further on denoted
as PrCo-S005 and PrCo-S01, PrNi-S005 and PrNi-SO1, i.e., ob-
tained from 0.05 and 0.10 M solutions, respectively. After drying,
the solid precursors were predecomposed at 350 and 400 °C for
3 h for cobalt and nickel precursors, respectively. The samples were
further annealed at different temperatures from 350 to 750 °C for
10 h under static air atmosphere. The LiCoPO,4 and LiNiPO,4 sam-
ples obtained from the different precursors are denoted as LiC-
0P0,4-S005 and LiCoPO,4-S01, LiNiPO,4-S005 and LiNiPO,4-S01,
respectively.

Methods for Sample Characterization: The metal content in starting
M(HCOO),:2H,0, the precursors, and LIMPO, (M = Co, Ni) sam-
ples was determined complexometrically. The lithium content was
determined by atomic absorption analysis. Elemental analysis (C
and H) was performed by using Elementar Analysensysteme
GmbH (VarioEL analyzer). X-ray structural analysis was per-
formed with a Bruker Advance 8 diffractometer with LynxEye de-
tector by using Cu-K,, radiation. Step-scan recordings for structure
refinement by the Rietveld method were carried out by using 0.02°
20 steps of 10 s duration. The computer program FULLPROF was
used in the calculations. The diffractometer point zero, the Lo-
rentzian/Gaussian fraction of the pseudo-Voigt peak function, scale
factor, the unit cell parameters (a, b, and c¢), the thermal factor for
the 4a, 4c¢, and 8d positions and the line half-width parameters
were determined. The crystallites size of LiIMPO, was calculated
by the Scherrer equation from the line width of the (200) reflection
peak: Dsgo = A[(B? — B%)"? coslx], where A(Cu-K,) = 0.15418 nm,
f is the peak width at the half height corrected with instrumental
broadening, and 6, is the Bragg angle. The line width was deter-
mined by profile analysis using a WinPlotr program. The IR spec-
tra were recorded with a Fourier transform Nicolet Avatar-320 in-
strument using KBr pellets (resolution < 2cm™). The thermal
analysis (simultaneously obtained DTA, TG, and DTG curves) of
the precursors was carried out by a “Stanton Redcroft” apparatus
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in the temperature range up to 650 °C, a heating rate of 5 °C/min,
and sample mass of 10 mg. The morphology of the precursors and
LiMPO, powders was observed by JEOL (JSM-5300 and JSM-
5510) scanning electron microscopes.
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The reaction of 2H-benzotriazole (1) with dichloroacetic acid
leads to the symmetric bis(2H-benzotriazol-2-yl)methane (2c)
in 40 % yield. Deprotonation of 2c at the bridging methylene
group and subsequent carboxylation with CO, yielded the
new tripodal N,N,O ligand bis(2H-benzotriazol-2-yl)acetic
acid Hbbta (3). The sterically less demanding sodium 3,3-
bis(1H-1,2,4-triazol-1-yl)propionate Na[btp] (5) was obtained
by saponification of methyl 3,3-bis(1H-1,2,4-triazol-1-yl)pro-
pionate (4). The heteroscorpionate ligand 3 was treated with
[MnBr(CO)s] and [RuCl,(PPh3)3;] to form the manganese
tricarbonyl complex [Mn(bbta)(CO)3] (6) and the air stable
ruthenium complex [Ru(bbta)Cl(PPhjs),] (7). DFT calculations
and the IR spectra of the carbonyl complex 6 reveal ligand 3

to be a less electron-donating ligand compared to the bis(1H-
pyrazol-1-yl)acetic acid Hbpza. In case of the 1H-1,2,4-tri-
azole-based ligand 5 formation of coordination polymers
were observed as proven by the synthesis of [Zn(btp),].. (8)
and [Mn(btp);]- (9). Polymer 8 crystallises in linear chains of
zinc atoms bridged by two molecules of ligand 5 each. These
polymer chains show an interesting m-stacking interaction
between uncoordinated triazole residues of the ligands. De-
position of the coordination polymer on highly ordered pyro-
lytic graphite (HOPG) was successful and was analysed by
scanning tunnelling microscopy (STM). Reaction of Na[btp]
(8) with MnSO,4-H,0 resulted in a metal organic framework
(MOF) [Mn(btp)].. (9).

Introduction

N,N,O ligands such as bis(1 H-pyrazol-1-yl)acetic acids
are a versatile class of ligands structurally related to the
well-known hydrotris(1 H-pyrazol-1-yl)borate (Tp) ligand.
Efficient syntheses for achiral, chiral and enantiopure
bis(1 H-pyrazol-1-yl)acetic acids have been developed over
the years since they have been introduced to coordination
chemistry in 1999 by A. Otero.l! Various transition metal
complexes bearing these tripodal, k3-N,N,O-binding ligands
indicate binding properties as weak electron-donating li-
gands, similar to the Tp ligands.[>3 Examples for transition
metal complexes with manganese and ruthenium are
[Mn(bdmpza)(CO);] and [Ru(bdmpza)(PPhs);] {bdmpza:
bis(3,5-dimethyl-1H-pyrazol-1-yl)acetate} .+ ¢! Further-
more, model complexes with biorelevant transition metals
such as iron(IT) and zinc(II) support the concept of bis(1H-
pyrazol-1-yl)acetic acids to be good structural mimics for
the active site of metalloenzymes with an 2-His-1-carboxyl-
ate motif.["™")

[a] Inorganic Chemistry, Department of Chemistry and
Pharmacy & Interdisciplinary Center for Molecular Materials
(ICMM),

University of Erlangen-Niirnberg,
EgerlandstraBe 1, 91058 Erlangen, Germany
Fax: +49-9131-85-27387

E-mail: burzlaff@chemie.uni-erlangen.de

[b] Department of Physics & Interdisciplinary Center for
Molecular Materials (ICMM),

University of Erlangen-Niirnberg,
Erwin-Rommel-Strasse 1, 91058 Erlangen, Germany

View this journal online at
wileyonlinelibrary.com

4100

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

Our recent work focuses on derivatives of such N,N,O
ligands, to broaden the field of available heteroscopionate
ligands with various electronic and steric properties. So far
examples of chiral bis(1H-pyrazol-1-yl)acetic acids,'% 3,3-
bis(imidazol-2-yl)propionic acidst'!! or 2-[bis(1 H-pyrazol-1-
yl)methyl]phenolatest!? have been obtained. Moreover,
tricarbonylrhenium complexes are of particular interest as
model compounds for radiopharmaceutical applications.['3]

Introducing triazoles instead of pyrazoles or imidazoles
as N-donor seems to be one reasonable option to establish
a new field of N,N,O heteroscorpionate ligands. To the best
of our knowledge, so far mainly bis(1H-1,2,4-triazol-1-yl)-
acetic acids have been applied in coordination chemistry,
e.g. in cytotoxic copper(I) complexes or metal-organic
frameworks (MOFs).[14-16]

2 H-Benzotriazole, which is well known to form a chelat-
ing N,N-donor ligand by reaction with dichloromethane,!'”!
offers rather large steric demand but electron deficiency.
Therefore, synthesis of bis(2H-benzotriazol-2-yl)acetic acid
promises to result in an interesting ligand candidate. In con-
trast, 1H-1,2,4-triazole may act as small and sterically non-
demanding N-donor.

Ligand Design

Reaction of 2H-benzotriazole (1) with dichloromethane
leads to the three possible isomers bis(1H-benzotriazol-1-
yl)methane (2a), (1 H-benzotriazol-1-yl)(2 H-benzotriazol-2-
yl)methane (2b) and bis(2 H-benzotriazol-2-yl)methane (2c)

Eur. J. Inorg. Chem. 2010, 4100-4109
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(Scheme 1).117-181 Almost independently from the reaction
conditions the synthesis yields a mixture of all three iso-
mers. A reaction with dichloromethane in the presence of
KOH and a phase-transfer catalyst for example results in
40% 2a, 31% 2b and 6% 2c.I'8! Isomer 2c¢ is the isomer
required for the synthesis of a symmetric and bulky hetero-

scorpionate tripodal N,N,O ligand. Therefore, higher
amounts of isomer 2¢ would be desirable.
N:I?] ITI;N
NVN\©
2a
KOH,
K,CO;, +
CI,CHCO,H,
X PTC, NN
=ty THF 7 |
2 NH ————» N N=
\NI —COZ N
1 2b
4
Ney Sy -N
p NN
N N~
K 2¢
1. nBuLi
2.CO,
3.H' /H,0
0Oy OH
N~y >n-N

Scheme 1. Synthesis of the Hbbta ligand 3.

Instead of reacting 1 with dichloromethane, the reaction
with dichloroacetic acid as starting material offers an alter-
native synthetic pathway. In the presence of K,CO;, KOH
and phase-transfer catalyst 2 H-benzotriazole (1) reacts with
dichloroacetic acid to the desired isomer 2¢ in yields up to
40% (Scheme 1).

Reaction of 2¢ with nBuLi in THF leads to a dark blue
anion, due to its large delocalized m-electron system. In
analogy to the synthesis of Li[bdmpza], that is obtained
from the corresponding bis(3,5-dimethyl-1H-pyrazol-1-yl)-
methane,['! further reaction with dry gaseous carbon diox-
ide affords the bis(2 H-benzotriazol-2-yl)acetic acid (Hbbta)
(3) after acidic workup. The presence of 3 is clearly indi-
cated by a shift of the bridging CH 'H NMR signal from ¢
= 7.43 ppm in 2¢ to 8.25 ppm for 3, as well as the appropri-
ate mass spectrum. The IR resonance at 1763 cm™! (THF)
is assigned to the asymmetric carboxylate vibration. Finally,
an X-ray analysis revealed the molecular structure of 3
(Figure 1).

Although, decarboxylation occurs during the reaction of
2H-benzotriazole with dichloroacetic acid, ligand 3 was
found to be stable at room temperature as crystalline pow-
der as well as in solution.

Eur. J. Inorg. Chem. 2010, 4100-4109
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Figure 1. Molecular structure of bis(2H-benzotriazol-2-yl)acetic
acid (3); thermal ellipsoids are drawn at the 50 % probability level.
Most hydrogen atoms have been omitted for clarity. Selected
bond lengths [A] and angles [°]: d(C2-O1) = 1.320(5), d(C2-02)
= 1.179(5), d(C1-N12) = 1.440(5), d(C1-N22) = 1.462(5),
£(N12,C1,N22) = 112.2(3).

Due to the annelated benzene rings, compound 3 repre-
sents a ligand with relatively large steric demand. Diez-
Barra and co-workers recently published an interesting
pathway to various esters of N-heterocyclic 3,3-bis(hetero-
aryl)propionic acids, such as methyl 3,3-bis(1H-1,2,4-
triazol-1-yl)propionate (4).['1 The corresponding acid, 3,3-
bis(1 H-1,2,4-triazol-1-yl)propionic acid or the salt sodium
3,3-bis(1 H-1,2,4-triazol-1-yl)propionate (Nabtp) (5) are ob-
tained by saponification of ester 4 in presence of water and
NaOH in THF (Scheme 2). Due to the very good solubility
of 5 in water, purification of 5 in the presence of excess base
or other inorganic salts proved to be rather difficult.

H M
) N//\TTI/ CO,Me
\=N NaH,
thf 7N NN
+ > N | | N
\=N N~/
=—CO,Me 4
1. H,0,
NaOH
(0.5eq.)
2. CHCly
Na®|— coP
/7N N\
N ! | N
=N N~/

Scheme 2. Sodium 3,3-bis(1 H-1,2,4-triazol-1-yl)propionate (Nabtp)
(5) obtained by saponification of the ester methyl 3,3-bis(1 H-1,2,4-
triazol-1-yl)propionate (4).

However, saponification with a slight deficit of NaOH
yields a mixture of 4 and 5. Ester 4 was removed by washing
with chloroform to yield the sodium propionate 5 as a
colourless solid. Extracted ester 4 can be recirculated in a
second saponification step. The sodium propionate 5 is
clearly indicated by the absence of the resonance of the
methyl ester at = 3.71 ppm in the 'H-NMR spectra and
the asymmetric carboxylate vibration at 1612 cm ™! (meth-
anol). Ligands 3 represents on one side a new and sterically
demanding bis(triazolyl)carboxylic acid whereas ligand 5
on the other side is sterically less demanding.
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DFT Calculations

To gather some information about the electronical and
coordination properties of the two ligands 3 and 5, DFT
calculations were performed. Comparison of the calculated
frontier orbitals of 2-methyl-2H-benzotriazole, 1-methyl-
1H-1,2,4-triazole and 1-methyl-1H-pyrazole (Table 1) gives
information about the donor and acceptor properties of the
binding nitrogen sites of 3 and 5. The frontier orbitals of 2-
methyl-2 H-benzotriazole are assumed to be comparable to
those of the 2H-benzotriazol-2-yl donor in 3, the frontier
orbitals of 1-methyl-1H-1,2,4-triazole to those of the 1H-
1,2,4-triazol-1-yl donor in 5 and the frontier orbitals of 1-
methyl-1H-pyrazole to those of the 1H-pyrazol-1-yl donor
in bis(1H-pyrazol-1-yl)acetic acids. The binding behaviour
of histidine according to Holm and co-workers is domi-
nated by its frontier orbitals.?%! Recently, we and others suc-
cessfully discussed the binding of imidazole- and pyrazole-
based N,N,O ligands by means of their frontier orbitals.['!]

Table 1. Comparison of the Khon-Sham orbitals of 2-methyl-1H-
benzotriazole, 1-methyl-1H-triazole and 1-methyl-1H-pyrazole.

2-Methyl-2H- 1-Methyl-1H- 1-Methyl-1H-
benzotriazole 1,2,4-triazole pyrazole

. g ' ..ﬁ ':.
la) LUMO + 1 Ib) LUMO Ic) LUMO
(-2.0518 eV) (0.7791 eV) (-0.2829 eV)

1la) HOMO 1Ib) HOMO Ilc) HOMO

(—5.4827 V) (- 6.1943 eV) (= 5.6571 eV)

I1la) HOMO - 1 I1Ib) HOMO - 1 1IIc) HOMO - 1
(- 6.0617 eV) (-6.2515¢eV) (—5.7849 eV)

IVa) HOMO -2 IVb) HOMO -2 IVc) HOMO -2
(- 6.7646 eV) (-6.9316eV) (-6.3999 eV)
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The orbital plots show the capability of 3 to act as m-ac-
ceptor (LUMO+1, Table 1, Ia) as well as the pyrazoles
(LUMO, Ic) do. Noticeable is the energetically low and
strongly delocalised LUMO+1. The orbital plot of the
HOMO (ITa) points out the m-donor character of the 1H-
benzotriazole ligands in accordance to the pyrozoles (Ilc).
o-Donor binding properties (HOMO-2, IVa) are provided
similar to pyrazoles (HOMO-2, IVc).

Solely the HOMO-1 (Illa) does not seem to be involved
in the interaction between the frontier orbitals and the
metal centre. Obviously, all considered orbitals apart from
the HOMO-2 show conspicious delocalisation in the aro-
matic benzene ring. Over all, bis(2 H-benzotriazol-2-yl)acet-
ic acid should be able to act as o-donor, n-donor and m-
acceptor. The n-donor properties may be less distinctive due
to the delocalization into the aromatic system. The two pos-
sible nitrogen binding sites in 3 do not show up any differ-
ences in the orbital plots, due to the molecular symmetry.
Coordination towards the metal centre with one of the ni-
trogen donors will always lead to the same product.

In contrast, ligand 5 shows some differences regarding
the two possible N donors. Both can act as m-acceptors
(LUMO, Ib) and c-donors (HOMO, IIb) although coordi-
nation will not lead to the same product due to the broken
symmetry. N2 has a smaller orbital coefficient in one of the
two orbitals suitable for m-donors compared to N4 (IVb,
HOMO-2). On the other hand N4 has a total lack of «t-
donors capabilities compared to N2 in IIIb (HOMO-1). In
total, due to missing delocalisation, the orbitals of 5 seem
to show some similarity to those of the pyrazole donor.
Especially N2 can be compared to the nitrogen of a pyr-
azole-based ligand. But 5 provides two different binding
sites, both able to act as as donor and acceptor.

Besides a discussion of the orbital plots, the HOMO-
LUMO energy gap allows to estimate further properties
based on the concept of chemical hardness. Molecules with
a large HOMO-LUMO energy gap are considered to be
hard, molecules with a small energy gap are considered to
be soft.?!l Following the calculated orbital energies in
Table 1, ligand 3 must clearly be accepted to be the softest
of the three ligands discussed here. The low HOMO-
LUMO energy gap can be explained by the strongly delo-
calized structure of 2H-benzotriazole. Due to the DFT cal-
culations performed here and well-known errors of the re-
sulting orbital energies, no further estimations on the reac-
tivity of these ligands towards metal fragments are ex-
tracted from these results.”??l Furthermore, the different co-
ordination properties of the two possible bindings sites N2
and N5 of 1-methyl-1H-1,2,4-triazole cannot be explained
by means of the HOMO-LUMO energy gap.

Metal Complexes

Deprotonation of the carboxylate donor allows ligand 3
to react as a monoanionic N,N,O ligand with organometal-
lic precursors such as [MnBr(CO)s] and [RuCl,(PPhjs)s]
(Scheme 3).

Eur. J. Inorg. Chem. 2010, 4100-4109
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Scheme 3. Synthesis of [Mn(bbta)(CO);] (6) and [Ru(bbta)Cl-
(PPhs),] (7).

The facial N,N,0-binding behaviour of ligand 3 is clearly
indicated by the IR stretching frequencies of the complex
[Mn(bbta)(CO);] (6), which is obtained by a reaction of the
potassium salt of 3 with [MnBr(CO)s]. The IR spectrum of
complex 3 exhibits a single A’ and two close A’ and A’
signals [6: ¥ (THF) = 2047, 1963, 1933 cm™']. This is typical
for an unsymmetric “piano stool” carbonyl complex.! An
IR signal observed at 1707 cm ™! is assigned to the asymmet-
ric carboxylate vibration. The formation of 6 is backed by
the appropriate MH* signal of the FAB mass spectrum.
Although the NMR spectra of 6 are broad, complex 6
shows a clear set of signals for the carbonyl residues at J =
218.3 and 221.0 ppm in the '*C{'H} NMR spectrum. The
signal occurring at = 162.0 ppm is assigned to the carb-
oxylate donor. Table 2 shows a comparison of the charac-
teristic IR signals of 6 to analogous tricarbonyl complexes,
which allows to estimate the electronic properties of 3.4

Table 2. IR data of complexes [MnL(CO);] with various tripodal
ligands.

Ligand L bbta bpzal¥! bdmpzal  Tp
vV [MnL(CO);] 2047, 1963, 2041, 1946, 2036, 1942, 2033, 1930
1933 1925 1915

The IR stretching vibrations at higher wavenumbers indi-
cate in total (o- and m-bonding as well as n-back bonding)
that ligand 3 is a less electron-donating ligand compared
to the other ligands. This may be explained by the large
delocalized m-electron system of 2 H-benzotriazole and elec-
tron density located at the benzene rings instead of then N-
donor as indicated by the DFT calculations. Therefore,
Hbbta may be the N,N,O ligand providing the most electron
deficiency at the metal center from this series of ligands,
meanwhile providing noticeable steric demand.

Eur. J. Inorg. Chem. 2010, 4100-4109
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Unfortunately, 6 turned out to be rather unstable
towards external influences such as heat and light. After
some hours at daylight, complex 6 already decomposes to
an orange solid. As known from the synthesis of 3, higher
temperatures lead to decarboxylation. Therefore, heating of
6 in solution above 40 °C leads to decomposition indicated
by the appearance of several signals in the IR carbonyl re-
gion (1900-2050 cm™'). Consequently, synthesis of 6 affords
temperatures of 30 °C or lower which causes a longer reac-
tion time compared to the synthesis of [Mn(bpza)(CO);].[4
Purification of 6 by means of column chromatography was
only successful with stabilized THF as solvent, leading to
residues of butylated hydroxytoluene (BHT) in the product.
Attempts of an analogous reaction of ligand 3 with
[ReBr(CO)s] instead of [MnBr(CO)s] failed, probably due
to a slower reaction, which leads to decomposition.

To further investigate the steric demand and coordina-
tion properties of ligand 3, the ruthenium complex
[Ru(bbta)CI(PPhs),] (7) was synthesized analogously to the
preparation of [Ru(bdmpza)CI(PPhs),].5! Reaction of the
potassium salt of 3 with [RuCl,(PPhs);] leads to [Ru(bbta)-
CI(PPhs),] (7), a light orange powder, as indicated by the
FD mass peak (Scheme 3). It is well known, that in case of
sterically less demanding ligands such as bpza, two dia-
stercomers are obtained, while sterically more demanding
ligands such as bdmpza lead to just one symmetrical iso-
mer.’] The 3'P NMR spectrum shows only one singlet for
the PPh; ligands (0 = 33.3 ppm). This suggests that only
one isomer was formed by the reaction. This is backed by
the absence of more than one set of benzotriazole signals
in the *C{'H} NMR spectrum. An X-ray structure deter-
mination doubtlessly reveals the symmetrical structure of 7
(Figure 2).

Figure 2. Molecular structure of [Ru(bbta)CI(PPhs),] (7); thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms
have been omitted for clarity. Selected bond lengths [A] and angles
[°]: d(C2-01) = 1.272(6), d(C2-02) = 1.211(6), d(Ru-NI11) =
2.118(4), d(Ru-N21) = 2.182(4), d(Ru-O1) = 2.106(3), d(Ru-Cl) =
2.4070(16), d(Ru-P1) = 2.3488(18), d(Ru-P2) = 2.3415(15),
/(N11,Ru,01) =

£(N11,Ru,N21) = 78.59(16), 87.54(15),
£(N21,Ru,01) = 86.53(14), L(OLRuCl) = 170.34(10),
£(OLRuPl) = 8382(11), <«(OLRuP2) = 9592(11),
£(N11,Ru,Pl) = 91.19(13), ~(NI1,Ru,P2) = 173.10(12),
L(N11L,Ru,Cl) = 86.07(12), 4(N2LRuPl) = 166.24(11),
£(N21,Ru,P2) = 95.62(12), ~(N21,Ru,Cl) = 85.11(11),

£(CLRu,P1) = 103.53(5), (CL,Ru,P2) = 89.72(5), 2(P1,Ru,P2) =
95.11(6).
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Signals at 6 = 83.3 ppm and 164.6 ppm are assigned to
the bridging CH and the CO,™ carboxylate donor. Due to
the ambient temperature reaction conditions, no decompo-
sition by decarboxylation was observed. The pure com-
pound 7 itself, was found to be remarkably stable against
air. No indication of oxidation of the ruthenium centre was
notified even after weeks. Due to the stability of complex
7, and the weak electron-donating properties of ligand 3,
compound 7 promises to be an interesting precursor for or-
ganometallic ruthenium complexes. Further work might fo-
cus on ligand exchange reactions with [Ru(bbta)CI(PPhj),],
e.g. the exchange of PPh; or CI by cumulynidene ligands.

In contrast to the potassium salt of 3, reaction of the
sodium salt 5 with [MnBr(CO)s] does not lead to the corre-
sponding manganese tricarbonyl complex. During the reac-
tion in THF a bright-yellow substance precipitates. IR spec-
tra of the reaction mixture shows three carbonyl absorption
bands at ¥ = 2032, 1936, 1908 cm™!. The lower signals may
be in accordance with the expected more electron-donating
properties of 5 compared to 3 as shown by the DFT-calcu-
lations, but these results have to be interpreted with caution,
since the spectra where obtained from the crude suspension
of the reaction mixture. Any attempts to purify the ob-
tained insoluble substances failed. Similar formation of in-
soluble and unisolable products was obsersed by the reac-
tion of 5 with [ReBr(CO)s] and [RuCl,(PPh;);]. Reaction of
5 with Zn(ClQO,), in methanole immediately precipitates a
white powder, too (Scheme 4). IR spectra of this zinc com-
plex 8 show an absorption band assigned to the asymmetric
carboxylate vibration at ¥ = 1634 cm ™!, indicating coordina-
tion of ligand 5 via the carboxylate donor. NMR spectra in
D»0, in which the obtained zinc complex 8 slowly dissolves,
show the resonances of the free ligand 5. Finally, an X-ray
structure determination explains the unusual behaviour of
8 (see Figures 3 and 4). Obviously, a linear coordination
polymer [Zn(btp),].. (8) has been formed. Each zinc atom
is tetrahedrally coordinated by four ligands, each binding
towards the metal centre with the carboxylate group as O-
donor or the nitrogen atom at 4-position of the triazole
residue as N-donor (Figure 3). The bond lengths are in the
typical range for a tetrahedral coordinated zinc centre with
N,O-donor ligands, as comparison with [Zn(bdrbpza)Cl]

[d(Zn-0): 1.9902) A, d(Zn-N): 2.053(2), 2.067(3) A]
_ N
0

Na@|— cof 0 N
N =
1 Zn[Cl041, o»\)\ \:g

FNT N MOy, s

n NN N/ - 22Na[CIO4) 7\ /Ay O N

N o
5 \\/1\’17/7\/

NN

Ly

8 (cutout)

Scheme 4. Formation of a linear coordination polymer [Zn(btp),]..

).
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shows.I”l Two ligands act as bridging ligands towards a sec-
ond metal centre at a time each. This results in a linear
alignment of the zinc atomes (see Figures 3 and 4). In total,
every zinc atom is connected to two other zinc centres. Each
bridge is build up by two ligands. This results in the total
formula ratio of Zn/btp = 1:2.

Figure 3. Molecular structure of [Zn(btp),].. (8); a cutout of a linear
chain with three zinc atoms is shown; thermal ellipsoids are drawn
at the 50% probability level. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [A] and angles [°]: d(Zn-O1) =

1.9494(11), d(Zn-N13) = 2.0045(13), d(C1-O1) = 1.2745(19),
d(C1-02) = 12301(19), +(O1.Zn,01A) = 100.41(7),
£(01,ZnN13B) = 121.34(5), £(O1.ZnNI13C) = 104.48(5),

Z/(N13B,Zn,N13C) = 106.02(8), d(Zn-Zn) = 6.773 A, centroid—
centroid distance of the triazole rings: 5.043 A.

This bridging coordination is possible, since every ligand
coordinates via the N-donor in 4-position of only one of the
two triazole rings. The second triazole ring of each ligand is
not coordinated to any metal centre and remains free. The
two coordinated triazole rings of the two bridging ligands
are aligned coplanar to each other (Figure 3). The centroid-
centroid distance of these triazole rings is rather large with
5.043 A. Each chain of the linear coordiation polymer ad-
ditionally shows interaction with adjacent chains (Figure 4)
by a coplanar orientation of the uncoordinated triazole
rings (centroid—centroid distance: 3.618 A).

The short distance of these triazole rings let us assume a
n-stacking interaction since a comparison with the
centroid—centroid distance in hexagonal graphite shows
only a slightly smaller distance (d = 3.354 A).12%

The formation of linear coordination polymers explains
the poor solubility of the zinc complex 8. In water or D,O
the compound probably slowly dissociates to give the free
ligand and Zn,,**, which explains the identical NMR spec-
tra of 5 and 8, and crystallizes again as coordination poly-
mer. This coordination behaviour of 5 may also explain the
insoluble products obtained by reaction of 5 with other
metal salts although the products could not be crystallized
so far. It is noteworthy that recently Klein Gebbink and co-
workers obtained a linear coordination polymer with
the N,N,0 ligand 3,3-bis(1-methyl-2H-imidazol-2-yl)-
propionate.*#!

Recent studies have shown that the real space structure
of metal coordination complexes can be investigated by
scanning tunnelling microscopy (STM).>5l Therefore a
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Figure 4. Molecular structure of [Zn(btp),].. (8); thermal ellipsoids
are drawn at the 50% probability level. Hydrogen atoms have been
omitted for better clarity. A cutout of three adjacent linear polymer
chains is shown. Centroid—centroid distance of the triazole rings in
n-stacking arrangement: 3.618 A.

10° M aqueous solution of 8 was drop coated on highly
oriented pyrolytic graphite (HOPG) and investigated by
STM in ambient conditions.

[Zn(btp)-].. (8) was found to form stable, straight lines
(Figure 5, a). This can be attributed to a template effect of
the substrate, stabilizing the polymer in positions of mini-
mal energy along step edges and subsurface defect lines. As
seen in Figure 5 (b) the minimum observed width of the
structures is approx. 2.7 nm, roughly the diameter of a
double chain. Therefore we have to assume a strong ten-
dency to form clustered chains. This can be attributed to
the m-stacking interaction of the non coordinating triazole
rings as observed in the crystal structure. The measured pe-
riodicity along the chain is 1.5 nm. This is very close to the
distance between every 2"¢ triazole ring. This can be ex-

100nm /
/

Figure 5. STM topographies showing a) the aggregation of linear
polymer strands on the surface; and b) STM topography indicating
a double stranded polymer on the surface.
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pected if one considers sticking to the surface with one ring
parallel and one perpendicular to the plane. Due to this
strong clustering high resolution topography and spec-
troscopy where not achieved, even while atomic resolution
of the graphite background was routinely observed.

Following a procedure similar to the successful synthesis
of [Zn(btp),].. (8), but employing MnSO,4-H,O instead of
7Zn(ClO,),, we found the formation of the two-dimensional
coordination polymer [Mn(btp),].. (9). Instead of the split
v(C=N) bands we observed in case of [Zn(btp),].. (8) [V =
1530cm™ and 1513cm™!], now only one signal at
1521 cm™! for v(C=N) is observed in the IR spectrum (KBr)
of 9. This can be explained by a closer look at the molecular
structure of 9, gained by X-ray structure determination.
Three different metal centres coordinate the two triazole
donors and the carboxylate functionality each. Hence, all
carboxylate and triazol moieties have the same electronic
environment. A cutout of the coordination geometry of one
manganese atom is shown in Figure 6.

Figure 6. Molecular structure of [Mn(btp)-].. (9); thermal ellipsoids
are drawn at the 50% probability level. Hydrogen atoms have been
omitted for better clarity. A cutout of the surrounding of one man-
ganese ion is shown. Selected bond lengths [A] and angles [°]:
dMn-0O1) = 2.1297(11), d(Mn-N13B) = 2.2806(13), d(Mn-N23C)
= 2.2678(13), d(C1-0O1) = 1.2673(18), d(C1-02) = 1.2371(19), £
(O1,Mn,01D) = 180.00, 24(O1,Mn,N13B) = 88.10(5), <«
(O1,Mn,N23C) = 92.84(5), £(N13B,Mn,N23C) = 90.56(5).

The manganese center is octahedrally coordinated by six
different ligands. Two ligands are coordinating through the
carboxylate functionalities in frans-position towards each
other. The left coordination sites are occupied by the N-
atoms of the 4-position of four triazole rings, belonging to
four different btp ligands. Recently, M. Du and S. R. Batten
and co-workers reported on the coordination properties of
bis(1H-1,2,4-triazol-1-yl)acetate (btza).l'®! It is noteworthy,
that reaction of Mn(OAc), with Hbtza afforded a coordina-
tion polymer [{[Mn(btza),(OH,),]:2H,0}..], in which the
manganese centers are coordinated by four independent li-
gands each, two coordinated by the carboxylates and two
by the triazole rings. Two further coordination sites have
been occupied by additional water molecules. Evidently, by
the elongation of the carbon backbone from acetate to pro-
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pionate, a full occupation of the manganese coordination
sites by ligands and vice versa becomes possible.

This results in an array of coordination polymer sheets.
Within a sheet all the manganese atoms are situated in one
plain [d(Mn-Mn) = 8.064, 8.279 and 9.538 A], shielded by
the ligands form above and from below. The top view on
such a sheet is given in Figure 7.

A i%n” ,
&

Figure 7. Molecular structure of [Mn(btp),].. (9); hydrogen atoms
have been omitted for better clarity. Cutout of a coordination poly-
mer sheet is shown (top view).

Interestingly, no solvent molecules are intercalated into
the structures of 9 and 8, respectively, although incorpo-
rated water molecules were observed for the analogous co-
ordination polymers derived from btza.['®l In coordination
polymer [Mn(btp),].. (9), the stacked sheets are interlocked
into each other, leaving no larger spaces within the structure
[d(O2-N11{other sheet}) = 3.512 A]. A short distance be-
tween the uncoordinated carboxylate oxygen atom O2 and
C3 of the neighbouring sheet [d(O2-C3{other sheet}) =
3.329 A] might indicate hydrogen bonds in between the
sheets. Figure 8 shows the side view on the arrangement
of the polymer sheets in the crystal structure, showing the
coordination polyhedra of the manganese atoms.

Figure 8. Molecular structure of [Mn(btp),].. (9); cutouts of three
adjacent coordination polymer sheets are shown (side view, poly-
hedral representation of the octahedral coordination of the manga-
nese atoms).
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Conclusions

In conclusion, the syntheses of 3 and 5 lead to two new
ligands with interesting coordination properties. Ligand 3
shows «3-N,N,O-coordination as it is well-known from
other tripodal monoanionic N,N,O ligands. Estimation of
the electronic properties of 3 via synthesis of the manganese
tricarbonyl complex [Mn(bbta)(CO)s] (7) and DFT calcula-
tions show 3 to be a rather weak electron-donating ligand.
Furthermore, synthesis of [Ru(bbta)CIl(PPhs),] (6) might
enable the future synthesis of various organometallic com-
plexes. In contrast to 3, ligand 5 does not show tripodal
binding towards metal centres but prefers the formation of
coordination polymers as proven by the synthesis of
[Zn(btp)s].. (8) and [Mn(btp)s].. (9). Interestingly, 8 as-
sembles as linear chains of zinc ions, connected by two
bridging ligands 5. The chains show interactions via -
stacking of the uncoordinated triazole residue. The coordi-
nation polymer [Mn(btp),].. (9) shows two-dimensional
polymer sheets.

Experimental Section

General Remarks: All operations regarding manganese carbonyl
and ruthenium complexes were carried out under an inert gas at-
mosphere by using conventional Schlenk techniques. All solvents
(analytical-grade purity) were degassed and stored under nitrogen
atmosphere. The yields refer to analytically pure substances and
were not optimised. IR spectra were recorded by use of a Varian
Excalibur FTS-3500 FT-IR spectrometer in CaF, cuvets (0.2 mm).
'H and "“C{'H} NMR spectra: Bruker AC 250 MHz, Bruker
DPX300, Bruker DPX400, ¢ values relative to TMS or the deuter-
ated solvent. Mass spectra were recorded on a modified Finnigan
MAT 312 using either EI or FAB technique or on a Jeol JMS-
700 using FD technique. Elemental analysis: Euro EA 3000 (Euro
Vector) and EA 1108 (Carlo Erba). Chemicals were used as pur-
chased without further purification. Methyl bis(1,2,4-triazol-1-yl)-
propionate, [MnBr(CO)s] and [RuCl,(PPhs),] were synthesized ac-
cording to literature.[19-26-28]

Synthesis of Bis(2H-benzotriazol-2-yl)methane (2¢): 2H-Benzotri-
azole (11.9 g, 100 mmol), K,CO; (24.9 g, 180 mmol), KOH powder
(10.1 g, 180 mmol) and benzyltriethylammonium chloride (1.00 g,
4.39 mmol) are suspended in THF (500 mL). Dichloroacetic acid
(6.45 g, 50.0 mmol) is added and the white suspension heated under
reflux for 96 h. The solvent is removed in vacuo and the remaining
residue dissolved in water (250 mL). The aqueous solution is ex-
tracted with ethyl ether (5X200 mL) and the combined organic
layers dried with Na,SO,. Evaporation of the ethyl ether at room
temperature to approx. 500 mL affords a first fraction of a mixture
containing large amounts of the undesirable isomers. Decanting of
the diethyl ether solution and evaporation of the remaining diethyl
ether affords 2c¢ in colourless crystals; yield 5.01 g (20.0 mmol,
40%); 'H NMR (250 MHz, CDCls, 25°C): 6 = 7.38 and 7.78
[AA’BB’ pattern, 3J(H,H) = 6.7, #Jy 4 = 3.1 Hz, 8 H, Ar-H], 7.43
(s, 2 H, CHpyigge) ppm. *C{'H} NMR (62.9 MHz, CDCl;, 25 °C):
0 = T71.6 (Cprigge)s 118.6 (Curyr), 127.6 (Cyry1), 145.2 (CNyyy1) ppm.

Bis(2H-benzotriazol-2-yl)acetic Acid (3): A solution of 2¢ (0.826 g,
3.30 mmol) in dry THF was treated with nBuLi (2.10 mL, 1.6 M in
n-hexane, 3.36 mmol) at —80 °C. The dark blue solution is stirred
for 2 h and warmed up to —40 °C. Dry carbon dioxide ist passed
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in for a period of 3 h, meanwhile the colour changes from dark
blue over dark red to light yellow. The solvent is removed in vacuo
and the remaining residue dissolved in water (100 mL) and acidi-
fied with diluted HCI to pH = 7. The aqueous phase is extracted
with ethyl ether (2 X 100 mL) to remove impurities. The aqueous
solution is further acidified to pH = 3 and extracted with ethyl
ether (3 X200 mL) and the combined organic layers dried with
Na,SO, and concentrated in vacuo. The yellowish residue is recrys-
tallised from acetone to yield 3 as colourless crystals; yield 0.243 g
(0.826 mmol, 25%); m.p. 151-153 °C (dec.). '"H NMR (300 MHz,
CDCl;, 25 °C): 6 = 7.44, 7.90 (AA'BB’ pattern, 3Jyp = 3.6, “Jun
= 3.0 Hz, 8 H, Ar-H), 8.25 (s, 1 H, CHpyigee) ppm. C{'H} NMR
(75.5 MHz, [Dg]DMSO, 25 °C): 6 = 80.3 (Cpyrigge), 118.3 (CHypy),
127.8 (CH,yy1), 143.9 (CNyyy), 163.3 (CO, H) ppm. IR (THF): ¥ =
1763 [s (CO,H)], 1563 [m (C=N)] cm'. FD-MS: m/z (%) = 296
(100) [MH™], 250 (46) [M* — CO;]. C14H(N¢O, (294.27 gmol™):
caled. C 57.14, H 3.43, N 28.56; found C 57.40, H 3.48, N 28.49.

Synthesis of Sodium 3,3-Bis(1H-1,2,4-triazol-1-yl)propionate (5): To
methyl 3,3-bis(1H-1,2,4-triazol-1-yl)propionate (1.00 g, 4.50 mmol)
a solution of pure NaOH (0.090 g, 2.25 mmol, 0.5 equiv.) in water
(100 mL) is stirred for 24 h at ambient temperature. The solvent is
removed in vacuo at 40 °C and the residue is extracted five times
with chloroform to remove not reacted methyl ester and dried in
vacuo. The chloroform may be removed in vacuo to recover methyl
bis(1,2,4-triazol-1-yl)propionate.

5 was obtaineds as a white powder; yield 0.434 g (1.89 mmol, 84 %));
m.p. >260 °C (dec.). '"H NMR (300 MHz, D,0, 25°C): 6 = 3.61
(d, 3Jgu = 7.1Hz, 2 H, CH,), 7.27 (t, 3Jyu = 7.1Hz, 1 H,
CHbridge)s 8.10 (Sa 2 Hv Htriazole)v 8.84 (S’ 2 Hv Htriazole) ppm.
BC{'H} NMR (75.5 MHz, D,0, 25°C): § = 40.7 (CH,), 69.8
(Cbridge)a 145.2 (Clriazole)a 152.8 (Ctriazole)s 175.1 (Cooi) ppm. IR
(MeOH): ¥ = 1612 [s (CO;)], 1511 [m (C=N)] cm!. FD-MS (after
addition of dil. HCI): m/z (%) = 210 (60) [MH™], 140 (10) [M* —
tz]. C;H;NgNaO, (230.16 gmol '): caled. C 36.53, H 3.07, N 36.51;
found C 36.86, H 3.16, N 36.86.

Synthesis of [Ru(bbta)CI(PPhs),] (7): To Hbbta (3) (0.100 g,
0.340 mmol) in dry THF (50 mL) BuOK (0.038 g, 0.339 mmol)
was added and the reaction mixture stirred at ambient temperature
for 30 min. To the resulting white suspension [RuCl,(PPhjs)s]
(0.326 g, 0.34 mmol) was added and stirred for additional 2 h and
the dark-brown suspension changes colour to orange. The solvent
is removed in vacuo and the remaining residue washed with water
(2X10mL) and little ethyl ether, pentane (2 X 10 mL) and meth-
anol (2 X 5mL) to yield 7 as bright orange powder.

Crystallisation from chloroform yields orange crystals suitable for
X-ray structure determination.

Yield 0.195 g (0.20 mmol, 59%); m.p. >140 °C (dec.). '"H NMR
(400 MHz, CDCl;, 25 °C): 6 = 6.7-7.6 (m, 38 H, H,y), 7.94 (s, 1
H, CHyyigee) ppm. *C{'H} NMR (101 MHz, CDCl;, 25 °C): ¢ =
83.3 (CHupyigge), 118.3 (CHyyyp), 120.2 (CHyyy), 127.2 (vt, 3Jcp =
5 Hz, m-PPh;), 127.7 (m, i-PPhs), 129.1 (p-PPh;), 134.9 (vt, 2Jcp
= 5Hz, 0-PPh;), 135.1 (d, Jcp = 2 Hz, CH,y), 135.4 (CH,yy),
145.0 (CNyyy), 146.4 (CN,,y), 164.6 (COy) ppm. *'P{'"H} NMR
(121.5 MHz, CDCl;, 25 °C): 6 = 33.3 (PPh;3) ppm. IR (THF): v =
1967 [s (CO5)], 1690 [w (CN)] cm . FD-MS: m/z (%) = 954 (5)
[M*], 662 (44) [MH* — bbta], 262 (50) [(PPh3)s]. CsoH39CINgO,-
P,Ru (954.37 gmol™): caled. C 62.93, H 4.12, N 8.81; found C
62.27, H 4.19, N 8.60.

Synthesis of [Mn(bbta)(CO);] (6): To Hbbta (3) (0.294 g,
1.00 mmol) in dry THF (50 mL) rBuOK (0.112 g, 1.00 mmol) was
added and the reaction mixture stirred at ambient temperature for
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30 min. To the resulting white suspension [MnBr(CO)s] (0.275 g,
1.00 mmol) was added, the reaction mixture heated to 30 °C and
controlled by IR on a regular basis. After 72 h the reaction was
completed and the solution filtered. The filtrate was concentrated
in vacuo and after washing with water (2 X 5 mL) and little diethyl
ether dried in vacuo to yield 6 as a yellow, light and heat sensitive
solid; yield 0.186 g (0.430 mmol, 43%); m.p. >60 °C (slow dec.),
>200 °C (fast dec.). '"H NMR (300 MHz, CDCl;, 25 °C): § = 7.6~
8.1 (m, broad, 8 H, H,,y), 7.83 (br., 1 H, CHpyigee) ppm. *C{'H}
NMR (75.5 MHz, CDCls, 25°C): 6 = 80.4 (CHpyigge), 115.8
(CHgpy1), 1203 (CHgpyr), 129.3 (CHgpyr), 1315 (CH,yy), 144.7
(CNgpy1), 146.3 (CN,,y), 162.0 (COOH), 218.3 (CO), 221.0 (CO)
ppm. IR (THF): v = 2047 [s (C=0)], 1963 [s (C=0)], 1933 [s
(C=0)], 1707 [s (CO,)] cm™!. FAB-MS: m/z (%) = 433 (25) [MH*],
349 (13) [MH* - 3CO] 307 (25) [MH* - 3CO - COj].
C7HoMnN¢Os (432.23 gmol™): caled. C 47.24, H 2.10, N 19.44;
found: Due to the instability of 6 against light and heat, no sample
free of a stabilizing agent (BHT) could be purified.

Synthesis of [Zn(btp),].. (8): To a solution of Nabtp (5) (0.230 g,
1.00 mmol) in methanole (20 mL) a solution of zinc perchlorate
hexahydrate (0.186 g, 0.499 mmol) in methanole (10 mL) is slowly
added. Immediately, 8 precipitates as a fine white powder. The sus-
pension is stirred for 15 min at ambient temperature, the residue
filtered off, washed with methanol and dried in vacuo, to give 8 as
a colourless powder.

Crystallisation from water affords colourless blocks suitable for X-
ray structure determination.

Yield 0.187 g (0.390 mmol, 78%); m.p. >240 °C (dec.).

IR (KBr): v = 1634 [s (CO,)], 1530 (w) and 1513 [w (C=N)] cm™".
C14H,aN 50,470 (479.73 gmol 1): caled. C 35.05, H 2.94, N 35.04;
found C 34.78, H 2.93, N 34.78.

Due to the coordination polymer properties of 8 further analystical
methods failed. NMR spectra in D>O show similar resonances as
in case of the free ligand 5.

Synthesis of [Mn(btp),].. (9): A test tube was charged with btpNa
(0.101 g, 0.439 mmol) and MnSO, X H,O (0.037 g, 0.219 mmol),
and water (5 mL) was added. The tube was heated at 70 °C for 4 d.
After cooling, pale yellow crystals had formed, that were collected,
triturated with water (5X5mL), and dried in vacuo at 80 °C to
yield 9 a pale yellow powder; yield 0.066 g, 0.141 mmol, 64 %; m.p.
>311 °C (dec.). IR (KBr): ¥ = 3436 (br), 3114 (m), 1621 [s (CO,)],
1521 [s (C=N)], 1438 (w), 1395 (m), 1340 (w), 1266 (w), 1199 (w),
1131 (m), 1007 (w), 908 (w), 822 (w), 673 (m), 552 (w) cm .
C14H 4MnN /5,0, (469.28 gmol™'): calcd. C 35.83, H 3.01, N 35.82;
found C 35.85, H 3.05, N 35.95.

Calculations

All DFT-calculations and full geometry optimizations were carried
out by using Jaguar 6.0012°! running on Linux 2.4.18—14smp on
five Athlon MP 2800+ dual-processor workstations (Beowulf-clus-
ter) parallelized with MPICH 1.2.4. MM+ calculated structures
were used as starting geometries. Complete geometry optimizations
were carried out on the implemented N31G6* basis set and the
BP86 density functional. Orbital plots??! were obtained using Mae-
stro 7.0.113, the graphical interface of Jaguar.[*]

STM Measurements

The STM imaging was carried out under ambient conditions using
a home-built, low-drift microscope and RHK100 control elec-
tronics. A drop of aqueous 10 M sample solution was placed onto
a freshly cleaved HOPG surface and left to dry. Sections without
molecules clearly showed atomic resolution of the underlying
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Table 3. Details of the structure determination for 3, 7, 8 and 9.

3 7 8 9
Empirical formula C14H10N602 C50H39C1N602P2Ru C14H14N1204Zn C14H14MHN1204
Formula mass /gmol ™! 294.28 954.33 239.87 234.66
Crystal colour/habit colourless block red plate colourless block colourless block
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P2,/c P2,/c C2/c P1
alh 9.836(3) 18.183(8) 22.8880(11) 7.7640(4)
b /A 9.7389(15) 10.654(5) 6.1072(2) 8.0636(4)
clA 14.726(3) 22.591(6) 13.4816(7) 8.2794(5)
al® 90.00 90.00 90.00 108.605(3)
pr° 99.220(17) 93.08(3) 92.934(3) 104.916(5)
y/° 90.00 90.00 90.00 92.918(4)
v IA3 1392.4(6) 4370(3) 1882.01(15) 469.66(4)
0/° 2.10-25.91 1.81-25.46 3.43-29.52 2.74-28.99
h -12to 12 21 to 21 -31 to 31 -10 to 10
h —-11 to 11 -12t0 0 -8 to8 -10 to 10
/ -18 to 18 0 to 27 -18 to 18 -11to 11
F(000) 608 1952 976 239
Z 4 4 4 1
u (Mo-K,) /mm! 0.101 0.542 1.359 0.757

Crystal size /mm
Dcal('d. /ng73, T/K

0.3X0.25%0.15
1.404, 293(2)

0.65%X0.2x0.18
1.450, 293(2)

0.12X0.09 X 0.08
1.693, 150(2)

0.18X0.18 X0.07
1.659, 150(2)

Reflections collected 5225 8312 24456 13616
Indep. Reflections 2675 8088 2639 2491
Obs. refl. (>201) 840 5080 2310 2224
Parameter 203 560 141 142
Weight parameter «a 0.0407 0.0736 0.0241 0.0477
Weight parameter b 0 0.0813 2.0966 0.1519
R, (obsd.) 0.0545 0.0480 0.0287 0.0278
R, (overall) 0.2665 0.1248 0.0371 0.0340
WwR, (obsd.) 0.0975 0.1219 0.0605 0.0889
WwR, (overall) 0.1402 0.1484 0.0628 0.0864
Diff. peak/hole /e A3 0.189/-0.195 0.725/-0.590 0.400/-0.369 0.414/-0.302

graphite substrate. Typically, tunnelling currents between 10 and
200 pA were employed. The bias voltage was =72.9 mV. The scan
frequency was varied between 2 to 5 Hz. Resolution was 256 X 256
points. Manually cut Pt/Ir(10%) tips were used.

X-ray Structure Determinations

Single crystals of 3, 7, 8 and 9 were mounted with Paratone-N or
glue on a glass fibre. A modified Siemens P4-Diffractometer and a
Bruker—Nonius Kappa-CCD and an Enraf-Nonius CAD4 Mach3
diffractometer were used for data collection (graphite monochro-
mator, Mo-K,, radiation, 4 = 0.71073 A). The structures were
solved by using direct methods and refined with full-matrix least-
squares against F> {Siemens SHELX-97}.5% A weighting Scheme
was applied in the last steps of the refinement with w = 1/[c*(F,?)
+ (aP)*> + bP] and P = [2Fc? + max(F,%,0)]/3. Most hydrogen atoms
were included in their calculated positions and refined in a riding
model. The proton of carboxylic acids (3) was found and its coordi-
nates were refined freely. All details and parameters of the measure-
ments are summarised in Table 3. The structure pictures were pre-
pared with the program Diamond 2.1e.3"]

CCDC-766896 (for 3), -766897 (for 7), -766898 (for 8) and -766899
(for 9) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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SryFeq 33Mo0¢ 6606 (alternately written as Sr3Fe,MoOg) per-
ovskite has been prepared in polycrystalline form by thermal
treatment, in air, of previously decomposed citrate precur-
sors. This material has been studied by X-ray and neutron
powder diffraction (XRPD and NPD), magnetic and transport
measurements. At room temperature, the crystal structure is
cubic with a = 7.8585(2) A and V = 485.30(2) A3, defined in
the space group Fm3m. Magnetic measurements indicate a
ferromagnetic ordering below Tc = 246 K. As prepared, the
sample is an electrical insulator. A topotactic reduction of the
stoichiometric sample performed at 600, 700, and 800 °C, in
H,/N, flows, leads to the oxygen-deficient double perov-
skites, SroFe;33Mo0g6606_5 With increasing & values. The
evolution of the crystal structure upon reduction has been

studied from XRPD and NPD data. For the sample obtained
at 800 °C, exhibiting the largest § value, the low-temperature
evolution from NPD data was investigated between 2 K and
500 K: in all the temperature range the crystal structure is
cubic with space group Fm3m; at room temperature a =
7.87060(6) A and V = 487.555(6) A3. The magnetic behavior
of this reduced sample suggests the presence of ferromag-
netic domains characterized by Curie temperatures with T
> 400 K. The conductivity dramatically increases upon H,
reduction. Moreover, this reduced sample exhibits magne-
toresistance, as high as 2.5 % at room temp. for H = 5 T. Mag-
netic and magnetotransport results are consistent with a
large component of itinerancy for down-spin Mo t,4 elec-
trons, injected through hydrogen reduction.

Introduction

The search for materials with improved magnetotrans-
port properties has been a challenging topic during the last
decade in the field of transition metal oxides, stimulated by
their potential technological applications.l'l In particular,
due to the observation of colossal magnetoresistance
(CMR), the manganese perovskites rapidly became promis-
ing materials.”l However, a few years after the discovery
of the CMR effect the attention focused on some double
perovskite oxides as well. The revival of interest in this fam-
ily was triggered by a report on Sr,FeMoOg,*! demonstrat-
ing that in the electronic structure only minority spins are
present at the Fermi level; this material was shown to exhi-
bit intrinsic tunneling-type magnetoresistance (TMR) at
room temp.!*# In a simple picture, FeO4 and MoOg octahe-
dra alternate along the three directions of the crystal struc-
ture of Sr,FeMoOQOy; the ferrimagnetic structure can be de-
scribed as an ordered arrangement of parallel Fe’* (S =
5/2) magnetic moments antiferromagnetically coupled with
Mo>* (S = 1/2) spins.
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Despite the large number of double perovskites informed
up to now, only some reports exist about compounds with
stoichiometry A;B’,B’'Oy. This particular type of stoichi-
ometry is apparently more complex, but these oxides are
also double perovskites A,B’; 33B""(¢60¢ Whose crystallo-
graphic formula can be re-written as A,[B'],[B’1/3B’'53],Os,
where « and b denote the crystallographic sites in the corre-
sponding space group. They, thus, display an intrinsic par-
tial disordering over half of the perovskite (B’ {,3B"’»/3) posi-
tions. Furthermore, this composition offers the possibility
of changing the oxidation states of the B’ and B’’ ions and
consequently modifying the electrical and magnetic proper-
ties.

Some double perovskites have recently been reported as
ferrimagnets with 7¢’s, in some cases, above room temp.
Previously we have prepared and studied the magnetic
properties of Srz3Fe;MoQOy, Sr3Fe,UQy, and Sr3Fe,TeOq
and observed a ferrimagnetic behaviour below T = 280 K,
Tc = 330K and T = 717 K respectively.>”1 Our main
finding is that these intrinsically “disordered” perovskites,
containing a random distribution of Fe and Mo, U or Te
at the B’ positions, exhibit a strong magnetic scattering
on the low-angle Bragg positions of the neutron diffraction
patterns, originating upon naturally-occurring groups of
Fe3* cations in which strong antiferromagnetic (AFM) Fe—
O-Fe superexchange interactions are promoted, similar to
those existing in the LaFeOj; perovskite.

Eur. J. Inorg. Chem. 2010, 4110-4120
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On the other hand, some recent experiments have shown
that electron doping may improve the magnetic and electri-
cal properties and induce a substantial rising of the Curie
temperature. Two routes are possible in order to attain this
electron doping effect in double perovskites. One of them
consists of partially substituting divalent by trivalent ions
in the A site. It has been previously reported that the re-
placement of A%* by Ln** in A,FeB''O4 (where B'' = Mo)
induces magnetic and structural changes.®! When doping
with La, an important fraction of the injected electrons is
localized at Mo sites, which is harmful concerning the po-
tential applicability, since it promotes the occurrence of
anti-site disordering between Fe and Mo cations.”-!'!1 This
route is not always successful, for instance when B”" = W.[!?]

Other possibility to obtain electron doping is via chemi-
cal reduction by topotactical removal of oxygen atoms. We
have recently demonstrated that semi-metallic behaviour
and CMR properties can be induced by this procedure in
the insulating Sr,CoMoO4 double perovskite.'3l A strict
control of the reduction conditions is necessary to reach the
maximum level of oxygen vacancies avoiding phase segrega-
tions and elemental B’ formation.['
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Figure 1. Observed (circles), calculated (full line) and difference
(bottom) Rietveld profiles at room temp. for Sr,Fe; 33M0¢ 6605 af-
ter a combined XDR-NPD refinement; the second series of tick
marks correspond to the Bragg reflections for the SrMoQO, impu-
rity phase. (a) NDP and (b) XRPD.
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Although doping and chemical reduction have been
shown to be fruitful in A,B'B''O4 double perovskites,
the utilization of these procedures on A3z;B’,B 'Oy
(AsB’ | 33B""(.6606) double perovskites are scarce in the lit-
erature.l'>) For the previously mentioned reasons, in this
work we focus on the preparation and characterization of
reduced Sr,Fe; 33Mo0g 66065 Oxides; we describe the synthe-
sis and structural characterization of three materials ob-
tained via topotactical reduction in H»/5% N, atmosphere
at 600, 700, and 800 °C, with increasing & values. The sam-
ple reduced at 800 °C was selected for a temperature-de-
pendent NPD study, in complement with magnetization
and magnetotransport measurements: we describe substan-
tial changes experienced by the magnetic response upon
controlled H, reduction which leads to the induction of
non-negligible MR properties at room temperature.

Results

Crystallographic Structure

The structural refinement of the oxygen-stoichiometric
SryFe; 33Mog 6606 sample was performed from combined
XRPD and NPD data at room temp. The good agreement
between the observed and calculated XRPD and NPD pat-
terns after the refinement is shown in parts a and b of Fig-
ure 1. The present sample was successfully refined as cubic
in the space group Fm3m in agreement with G. Y. Liu et
al.l'l Trials to refine the crystal structure in the tetragonal

Table 1. Positional and displacement parameters for stoichiometric
and reduced samples, in the cubic Fm3m space group, from com-

bined NPD and XRPD data at room temp.

SFM SFM60  SFM70  SFMS80
aA] 7.8585(2)  7.8678(2) 7.8685(2) 7.87060(6)
VA3 485.30(2) 487.04(2) 487.16(2) 487.555(6)
Sr 8¢ (V4,Y4,Y4)
(Bi1 = Baz = B33) X 10* 33(1) 37(1) 41(1) 30(1)
Fe/Mo 4b (V42,Y5,Y5)*
(Bi1 = Baz = B33) X 10*  15(3) 31(2) 34(2) RE)
Occ Fe/Mo 0.84/0.16  0.77/0.23  0.74/0.26  0.73/0.27
(Fe/Mo),,—O 1.9025(6)  1.943(6)  1.936(6) 1.952(4)
Fe/Mo 4a (0,0,0)#
(Bi1 = Ban = B33) X 10*  21(2) 13(2) 13(2) 21(4)
Occ Fe/Mo 0.49/0.51  0.56/0.44 0.59/0.41 0.60/0.40
(Fe/Mo),,—O 2.0267(6)  1.990(6)  1.998(6)  1.983(4)
0O 24e (x,0,0)
x 0.2579(3)  0.253(2) 0.254(2)  0.252(1)
By x 10* 13(2) 32(2) 30(3) 20(1)
(B = B3) X 10* 71(2) 83(1) 92(2) 73(1)
Occ 1 0.970(3)  0.968(3)  0.963(3)
Magnetic moment
/B site - 1.76(2) 2.02(3) 2.04(2)
Reliability factors
R, (%) NPD; XRPD  5.79; 446 4.12;4.10 4.88;4.83 2.96; 5.03
R, (%) NPD; XRPD 7.84;5.74 5.20;5.19 6.16;6.15 3.99;6.33
Ry, (%) NPD; XRPD  2.75;4.84  4.80;4.74 5.66; 5.56 1.43;5.80
7 4.9 1.6 1.7 7.8
Ryrage (Y0) NPD; ) . . .
XRI;g]% 2.02; 424 2.48;4.66 2.90;4.54 1.64;4.26
Rytag (70) - 7.75 6.61 5.81

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

www.eurjic.org

4111



FULL PAPER

J. C. Pedregosa et al.

I4/m space group, as reported previously by Viola et al. for
a SrsFe;MoQOy phase obtained at 1100 °C did not yield a
better fit than that obtained for the cubic model.l’! The dif-
ference between the Fm3m and the I4/m refinements is very
subtle, but the cubic model certainly leads to a superior
agreement between observed and calculated intensities for
certain superstructure reflections, such as (121)+(013)
(tetragonal model) vs. (311) (cubic model).

In the Fm3m space group (No. 225), Z = 4, the unit-cell
parameter is related to a, (ideal cubic perovskite, ay ~ 3.9 A)
as a = 2ay. Sr atoms were located at the 8c (Y4,Y4,%) posi-
tions, Fe/Mo at 4a (0,0,0) and at 4b (4,'4,%) sites, and oxy-
gen atoms at the 24e (x,0,0) positions. For this space group
Fm3m there are two possible sites for B type cations,
namely, 4a and 4b. In double perovskites with stoichiometry
A,B'B"’Og there is the possibility of total order of B-type
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cations between these two sites, which would correspond to
a crystallographic formula A,[B'],;[B’']4,O¢ for this cubic
symmetry. For perovskites with stoichiometry A;B’,B’' Oy,
total order is intrinsically impossible. Thus, if one wants to
assure certain degree of disorder in this kind of perovskites,
the A3;B’,B’' Oy stoichiometry is ideal. In order to obtain a
better picture of the distribution of the B cations in the two
crystallographic sites and to consider the degree of disorder,
we can write the crystallographic formula as A,[B’; (B’ ]~
[B'1/3+aB" 2/ )4aOs, Where 0 =< o = '/5. Thus, if a = 0 we
have maximum order (but not full order), and if a = '/;
we have maximum disorder. The composition for maximum
disorder, i.e. Ay[B'2,B""1,,]4[B'2,B""1,,]4,,06, corresponds
to B cations randomly distributed. Based on the preceding
discussion we can define the degree of order (DO) as DO
= 1 - 3a. For maximum order DO = 1 and for random
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Figure 2. Observed (circles), calculated (full line) and difference (bottom) high resolution Rietveld profiles at room temp. for SEFM60,
SFM70 and SFM80 samples after a combined XDR-NPD refinement. (a); (c) and (e) NPD: The second and third series of tick marks
correspond to the Bragg reflections for the SrMoO, impurity phase and the magnetic structure, respectively. (b); (d) and (f) XRPD: The
second series of tick marks corresponds to the Bragg reflections for the SrtMoQO, impurity phase.
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distribution DO = 0. DO values are obtained from the re-
finements of occupancies of B cations in 4« and 4b sites.
The most important structural parameters of the crystallo-
graphic structure and the discrepancy factors after the re-
finements are listed in Table 1.

For the reduced Sr,Fe; 33Mo0¢s0¢ 5 samples the com-
bined structural refinement from NPD and XRPD data at
room temp. were also successfully performed in the Fm3m
space group. As the Sr,Fe; 33Mo0( 4606 s phases are mag-
netic at room temp. we included a model for the magnetic
structure, as described below. StMoO, was also included in
the refinements as a second phase, defined in the space
group I4,/al'”l From the scale factor of the main and sec-
ondary phases we estimated the following impurity levels as
wt.-%: 6.2(2)%, 6.0(2)%, 5.9(2)% and 5.8(2)% of SrMoO,
for the SFM, SFM60, SFM70, SFM80 samples. In the final
refinement, the occupancy parameter of oxygen atom was
checked, obtaining an occupation of 97.0(3)%, 96.8(3)%
and 96.3% for SFM, SFM60, SEFM70, SEMS0, respectively
at room temp. An excellent agreement between observed
and calculated for both NPD and XRPD profiles was ob-
tained for this model, as illustrated in Figure 2 for SFM60,
SFM70, and SFM80 samples. Table 1 includes the final
atomic coordinates and discrepancy factors after the refine-
ment.

In order to confirm the symmetry observed by NPD and
XRD, an electron diffraction study along some selected
zone axis was carried out for a selected sample, SFM70,
at room temp. The electron micrographs are presented in
Figure 3. The a, b, and ¢ panels correspond to the zone axes
[0 0 1], [T =1 0], and [1 -1 1], respectively. Figure 3 (d)
shows the microcrystal were the diffraction patterns were
taken. In Figure 3 (a) the (400) and (0k0) (h, k = 2n + 1)
reflections are extinct due to the face-centered symmetry

Figure 3. Electron diffraction patterns of SFM70 recorder at room
temp. corresponding to the zone axes a) [0 0 —1], b)[1 -1 0] and
¢)[1 -1 1]. d) Image of the microcrystal where the diffraction pat-
terns were taken, recorded with a magnification of 80000X.

Eur. J. Inorg. Chem. 2010, 4110-4120
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of the space group (Fm3m). However, the superstructure
corresponding to the unit cell doubling (a = 2a,) is perfectly
noticeable in the b panel, along the [1 —1 0] zone axis, were
the (1 1 1), (3 1 1) etc. reflections are visible, although very
weak.

The thermal evolution of the crystallographic structure
was investigated from NPD data collected at 2, 150, 250,
300, 350, 450 and 500 K for SFMS80. The cubic model
(space group Fm3m) was considered in all cases. The ther-
mal evolution of the @ unit-cell parameter is shown in Fig-
ure 4. The average thermal expansion coefficient from 2 K
to 500K is 11.9X10°K-'. Table?2 includes the final
atomic coordinates, ordered magnetic moments and dis-
crepancy factors for different temperatures. Furthermore,
for each temperature the oxygen occupancy vacancies were
refined and the resulting 6 values, corresponding to the for-
mula Sr,Fe; 33M0( 6606 5, are shown in Table 2. The inset
a of Figure 4 also shows a lineal evolution of the ¢ param-
eter with the & values for SFM, SFM60, SFM70 and
SFMS80. At T'= 2K, ¢ = 0.20(2); there is a negligible evol-
ution of ¢ with T (within the experimental errors) until
450 K, but at 500 K this value decreases slowly, reaching o
=0.16(2).

791
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Figure 4. Thermal evolution of the & unit-cell parameter for
SFMS80 double perovskites obtained from NPD. The symbols
correspond to the cell parameter of SFM, SFM60 and SFM70 at
room temp. The inset a) shows the variations of the unit-cell pa-
rameter with the oxygen deficiency (8). The inset b) is a view of
the cubic crystal structure of both double perovskites; each [B],,O¢
octahedron is corner linked to six [B],,O4 octahedral.

Thermal Analysis

Figure 5 shows the thermal evolution of delta (8) values
obtained by TPR and TGA (in H»/N, 5%/95%) methods
of the oxygen-stoichiometric perovskites (SroFe; 33Mo0q g6-
Og) in comparison with those from TGA (re-oxidations)
and NPD techniques for SFM60, SFM70 and SFM80.

TPR profiles show two reductions processes. The first
peak with a maximum at 380 °C indicates the beginning of
the reduction process. After this peak the H, consumption
stays approximately constant up to 800 °C. A second peak
4113
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Table 2. Structural parameters after the refinement of NPD data for SFMS80 at different temperatures.

SFM80 2K 150 K 250K 300 Kl 350K 400 K 450 K 500 K
alA] 7.85598(8) 7.86070(8) 7.86794(8) 7.87060(6) 7.87761(8) 7.88628(8) 7.89576(9) 7.90295(8)
VA 484.843(8) 485.717(9) 487.062(9) 487.555(6) 488.859(8) 490.474(8) 492.245(9) 493.591(9)
Sr 8¢ (Va,Y4,Y4)

(Bi1 = Ban = Bs3) X 10*  8(1) 14(1) 20(1) 30(1) 27(1) 33D 39D 47(1)
Fe/Mo 4b (V5,5,Y2)]

(Bi1 = Baa = B3y) X 10%  ~16(3) -12(4) —4(5) 503) 47 11(14) 15(33) 19(14)
Fe/Mo 4a (0,0,0)#!

(Bi1 = B = B3z) X 10*  16(4) 18(4) 16(6) 21(4) 17(8) 15(15) 16(34) 20(15)
O 24e (x,0,0)

X 0.253(1) 0.252(2) 0.252(2) 0.252(1) 0.251(2) 0.251(3) 0.249(5) 0.251(2)
By X 10% 8(2) 8(2) 112) 20(1) 13(2) 152) 20(2) 25(2)
(B2 = B33) x 10 59(2) 61(2) 63(1) 73(1) 67(1) 69(1) 70(1) 75(1)
Occ 0.967(3) 0.966(3) 0.966(3) 0.963(3) 0.964(3) 0.966(2) 0.968(3) 0.973(2)
3 0.20(2) 0.20(2) 0.20(2) 0.22(2) 0.22(2) 0.20(2) 0.19(2) 0.16(2)
Magnetic Moment

up/B site 2.71(3) 2.53(3) 2.28(3) 2.04(2) 1.89(3) 1.56(3) 1.22(4) -
Reliability factors

R, (Vo) 4.19 3.94 3.77 2.96 3.59 3.28 3.65 3.71
Ry (%) 6.17 5.81 5.66 3.99 5.45 5.08 5.52 5.20
Rexp (%) 2.45 2.38 2.37 1.43 2.34 2.33 2.19 1.99

Ve 6.3 59 5.7 7.8 54 4.7 6.4 6.8
Rpage (Y0) 2.53 249 2.25 1.64 2.0 2.09 1.87 1.8
Ryt (%0) 7.28 7.27 7.38 5.81 7.28 9.09 129 -

[a] From combined NPD and XRPD data. [b] The Fe/Mo occupancy factors are fixed to those refined at 300 K (see Table 1).
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Figure 5. Thermal evolution of the oxygen deficiency (3) obtained
from TGA (in Hy/N, 5%/95%) and TPR data for SFM. The sym-
bols show the § values obtained from TGA (by re-oxidations) and
NPD data for SFM60, SEM70 and SEFM80. The dash dot line indi-
cates the interval temperature where the increase of § is gradual.
The inset a) and b) show the TGA and TPR experiments of the
SFM respectively.

is observed between 820 and 1000 °C. The H, mass con-
sumed during the reduction experiment was calculated from
TPR data. The H, mass is proportional to the area under
TPR curve, and the & value is proportional to the H, mass.
This curve shows a region between 470 and 800 °C where
the increase of § is constant. This temperature region was
used to prepare the reduced samples. The same behavior of
the thermal evolutions of the oxygen deficiency is observed
from TGA data (in Ho/N, 5%/95%) (see Figure 5).

Figure 6 illustrates the TGA (re-oxidation) curves in air
of the oxygen-deficient perovskites (SroFe;33Mo0g 6606 5)-
The reduced samples are stable in an air flow up to 150 °C;
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above this temperature, an oxidation process starts which it
is assumed to lead back to the oxidized form of the
SryFe 33Mog 6606 perovskite. The weight gain corresponds
to the incorporation of 0.12(2), 0.17(2) and 0.20(2) oxygen
atoms per formula for SFM60, SFM70 and SFMS80, respec-
tively. These values, within the experimental errors, are in
agreement with the refinements neutron values, TGA (in
H,/N, 5%/95%) and TPR data (see Figure 5).

1.0

0.8- e . SEMS0
- 5= 0.2002)
= g SFM70
o 5=0.17(2)
5 s SEMG0
£ 04- 5=0.122)
()
=

0.2-

0.014

0 200 400 600 800 1000

Temperature [°C]

Figure 6. TGA curves of the reduced samples (re-oxidation), ob-
tained in air flow at 5°C min'.

Magnetic Data

The magnetic susceptibility vs. temperature curves are
displayed in Figure 7. For the oxygen-stoichiometric sample
there is a spontaneous increment of the susceptibility below
246 K, followed by a divergence of the zero-field-cooled
(ZFC) and field-cooled (FC) curves. The presence of mag-
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netic irreversibilities is symptomatic of a large degree of dis-
ordering or magnetic frustration in this sample. The recip-
rocal susceptibility shows a perfectly linear plot in the high-
est temperature range 300 K < 7'< 400 K; a trial fit to the
Curie-Weiss law gives a characteristic paramagnetic tem-
perature Oweis = —364 K, and a value of the effective para-
magnetic moment i = 6.81 pp/fu. Assuming the elec-
tronic configuration Fe3*(3d%)-Mo°*(4d®), the magnetism
only arises from trivalent Fe (S = 5/2). For the
SroFe; 33Mo0g 4606 formula, a predicted paramagnetic mo-
ment of 6.83 pp/f.u. should be obtained in the absence of
short range magnetic interactions, in excellent agreement
with the observed value.

M [emu/g]

150 200 250 300 350 400

Temperature [K]

0 50 100

Figure 7. Field-cooled (FC) and zero-field-cooled (ZFC) magnetic
susceptibility vs. temperature curves for the SFM and SFMS0.

For the reduced sample (SFM80), the magnetic ordering
temperature is dramatically enhanced, lying above the maxi-
mum measuring temperature of 400 K; below 350 K the
zero-field-cooled (ZFC) and field-cooled (FC) curves exhi-
bit a distinct evolution. The FC curve shows a progressive
increment of the susceptibility as temperature decreases,
reminiscent of the spontaneous evolution characteristic of
a ferromagnet, although a very small saturation magnetiza-
tion is reached at low temperatures, of only 0.013 pp/fou.
with a measuring field of H = 1 kOe. The ZFC curve shows
a less pronounced susceptibility increment as temperature
decreases.

The magnetization vs. magnetic field curve for the re-
duced sample at 4 K is plotted in Figure 8. Even at the low-
est temperature, the magnetization is very far from satura-
tion for the maximum applied field of H = 5T, reaching a
maximum value of 0.22 pp/f.u. The M-H loops are charac-
teristic of a weak ferro- or ferrimagnetic system. A weak
ferromagnetic response exists but the predominant charac-
ter is linear with the field. The linear high-field response
was studied in magnetic fields up to 4 T. By subtracting the
linear high-field dependence from the M-H curve measured
at 4 K (inset Figure 8), the magnitude of the spontaneous
moment at this temperature can be estimated. The mea-
sured magnetic moment is mainly determined by the Fe’*
ions. The spontaneous (uncompensated) site moment ob-
tained becomes x = 0.054 pp/f.u.
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Figure 8. Magnetization vs. applied field measured at 4 K for
SFM&0. The inset shows the spontaneous magnetization vs. applied
field at 4 K, obtained by subtracting the linear high field response
from the measured hysteresis curve.

Transport and Magnetotransport

The electrical resistance of the stoichiometric
SroFe; 33Mo0g 6606 perovskite resulted to be too high to be
measured (above 10 Ohms at room temp.); this compound
must be considered as an insulator. On the contrary, the
reduced sample (SFM80) shows a lower resistance. The ex-
perimental data were obtained from room temperature to
220 K; below this temperature, the resistance was inaccess-
ible in our experimental set-up. The electrical resistance was
also measured under an external magnetic field (H = 5 T).
As shown in Figure9 at room temp. the resistance of
SFMS80 is 2.7X 10° Ohms. The resistance gradually in-
creases at lower temperatures, showing a semiconductor-
like or thermally activated behavior. In Figure 9 (inset) we
plot In(R) vs. 7! and a linear behaviour is observed. This
can be associated with a thermal activated electronic con-
duction mechanism [R = R, exp(AE,/kT)], giving AE, =

5
44
z
= 37
<
il 33 36 39 42 45
% 2
v (1/T)x10 * [1/K]
S
- H=0T
o H=S5T
220 240 260 280 300

Temperature [K]

Figure 9. Resistance vs. temperature curves at 0 and 5T for
SFMB80. The inset shows the logarithm of the electrical resistance
vs. the reciprocal temperature at 0 T.
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0.28 eV. This AE, value could correspond to the energy gap
between the valence and the conduction bands.

The Figure 10 shows the thermal evolution of the magne-
toresistance, defined as MR(7) = 100X [R(H=0T, T) —
R(H=5T, D)YR(H=5T, T). A negative magnetoresistance
is observed, reaching a maximum value of MR is —2.5%.
MR shows a plateau between 300 and 260 K, and below
this temperature it regularly increases as temperature dimin-
ishes, reaching positive values below 240 K. The inset shows
the normalized magnetorresistance vs. magnetic field iso-
therm at 300 K, where a relatively weak low-field compo-
nent is observed.

0.0
I -0.24
N 2 0.4 .,
o‘.n - .'°
14 ."s:.“. E 0.6 %
- w8 s .
& 9 S - 1.0
&~ N :
= . o 1 2 3 4 3
i, HITl
2 ".:.‘h.*&wo :-.":.': .:o
N T
'3 T T T T
220 240 260 280 300

Temperature [K]

Figure 10. Magnetoresistance vs. temperature at 5T for reduced
the SFMB80, calculated from MR(T) =100 X [R(H=0T, T) - R(H
= 5T.T)JR(H = 5T,7). The inset shows the normalized magne-
toresistance vs. magnetic field isotherm at 300 K. The oxygen-stoi-
chiometric sample was found to be an insulator; thus, R and MR
could not be measured.

Magnetic Structure

The NPD data collection for SFM60, SFM70 and
SFMB80 at room temp. showed a progressively strong mag-
netic contribution to the scattering on allowed Bragg posi-
tions (k = 0), mainly on the (111) reflection, suggesting a
ferro- or ferrimagnetic long-range ordering. This behavior
is also observed below room temperature for SFM80. (Fig-
ure 11). This is surprising in this strongly disordered sam-
ple, taking into account that the saturation magnetization
is very small, of hardly 0.22 pg/f.u. with an applied field of
5 T. We would have expected that the structural disordering
at the B positions of the perovskite had led to the absence
of long-range magnetic ordering between Fe and Mo mag-
netic moments. As it will be discussed later, we believe that
this magnetic scattering originates from Fe-rich regions in
which neighboring Fe** spins exhibit AFM superexchange
interactions via Fe—O-Fe paths. We have thus modeled the
magnetic structure as a perfect AFM arrangement of Fe
spins with alternating directions, occupying all the B posi-
tions of a perovskite structure with the same unit-cell and
positional parameters as the host Sr,Fe; 33M0¢ 6606 5. We
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have constrained the scale factors of both structural and
magnetic models, and refined the magnitude of the Fe mag-
netic moments. The thermal variation of the magnitude of
the ordered Fe magnetic moments for SFMS8O0 is displayed
in Figure 12 (see also Table 2).

5000
— 4000+ = N\ J\ 500 K
=
s Y ¢ 450 K
2 3004 )" 0K
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AN N 250k
1000 Bt sk
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Figure 11. Thermal evolution of the NPD patterns for the reduced
sample, highlighting the appearance at low temperatures of a mag-
netic contribution to the scattering on the low-angle reflections,
especially on the (111) Bragg position.

Magnetic moment [, /B site]

|
gt

200 300
Temperature [K]

400 500

Figure 12. Thermal dependence of the ordered magnetic moments
refined from NPD data. The inset in shows a schematic view of the
magnetic structure of the reduced sample.

Discussion

The perovskite structure ABOs can be viewed as a net-
work of corner-sharing BOg octahedra, with the A cations
occupying the voids formed by these octahedra. If the size
of A cations becomes small, the BOg octahedra tilt in order
to optimize the A—O contacts. Sr,Fe; 33Mo0 6606 adopts the
well-known (NH,);FeFq structure, in which (Fe;_,Mo,)4p-
Og and (Fe1/,+Mo02/, )4,0¢ octahedra alternate along the
three crystallographic directions. Given the size of Sr** cat-
ions, the octahedral network is not tilted, keeping B4,—O-
B4, angles of 180°.
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The presence of the reduction effect is supported by the
variations in the unit-cell parameters, which increase pro-
gressively from the SFM sample to the SFMS80 oxide. The
lineal increase in the cell parameters is attributed to the
reduction of molybdenum ions with the concomitant in-
crease of the ionic radius. This process is illustrated in Fig-
ure 4 (inset a).

As it was mentioned above, the oxygen-stoichiometric
SroFe; 33Mo0g 4606 perovskite has been prepared in air, in
such a way that, from the chemical point of view, a hexaval-
ent oxidation state is expected for Mo cations with Fe cat-
ions being trivalent. The electronic configuration for this
sample is Fe**(3d*)-Mo0°®*(4d®), which also accounts for the
electrical insulator behavior. The reduction process to give
SryFe| 33Mo0g 6606 5 introduces, nominally, 26 extra elec-
trons that can partially occupy hybridized Mo 4d t,, and
Fe 3d t,, states. However, the findings from Mossbauer
spectroscopy clearly indicate that Fe is in a trivalent state
upon reduction of the sample at 800 °C (Fe® is not ob-
served) and, hence, a mixed Mo®*/Mo>" valence state is in-
duced in the reduced sample under the mentioned condi-
tions.'¥ In the TPR curve this process can be followed; the
oxygen loss begins with a strong peak centered at 380 °C
and then & increases regularly up to 820 °C. As Fe3* is ob-
served by Mossbauer spectroscopy the extra electrons oc-
cupy hybridized Mo 4d t,, states.'*] Above this temperature
the extra H, consumption shows a increment associated to
Fe3*— Fe?* reduction involving a change in the stoichiom-
etry in Sr,Fe; Mo, O from x = 1/3 to 1/3 > x > 0.4
This study allowed us to determine the experimental condi-
tion that maximize the number of oxygen vacancies keeping
a Fe/Mo ratio = 2; these conditions were used to prepare
SFMS80. For this reason this optimized sample was sub-
sequently selected for an in-depth magnetic and transport
characterization.

The refined site occupancies for the stoichiometric and
reduced samples (Table 1) show that the Fe/Mo long-range
ordering is only partial. The DO values calculated are 0.52,
0.31, 0.22 and 0.19 for SFM, SFM60, SFM70 and SFMS0,
respectively. This decrease in the degree of order is origi-
nated by the progressive reduction of Mo®" to Mo>", yield-
ing a diminution of the ionic radii difference between Fe
and Mo cations, which is the driving force for the long-
range ionic ordering (rp™ = 0.645 A; ryoY = 0.61 A and
rvoVl = 0.59 A) 181

From the combined XRPD and NPD data the crystallo-
graphic formula obtained are:

Sro[Feg 34(1y)Mog, 1601y e[ Fe0.491)M0g 51(1))4406 (for SEM)

Sts[Fe.77(1)M0o.23(1)]ss[Feo.56(1)M00.44(1)) 4405 82(2) (for SFM60)
St[Feo 74(1)M0o.26(1)l4s[Fe0.501)M00.41(1)) 4405 81(2) (for SEM70)
St[Feo.73(1)M0o.27(1)l4s[Fe0.60(1yMO0.401))44O05.78(2) (for SFMB0)

From the crystallography formula obtained after the
combined refinement at room temp. the oxygen vacancies
content are 3.0(3)%, 3.2(3)% and 3.7(3)% for SFM60,
SFM70 and SFM80, respectively. The removal of one oxy-
gen atom corresponds to two injected electrons per formula.
Since Mo is more easily reducible than Fe, Mo is present in
66% as Mo>" in the optimized sample SFM80, the formula
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being rewritten as Sr,Fe;33sMoVY,3M0V440575. The
amount of Mo>* determined by thermogravimetric analysis
is 60%, in good agreement with the mentioned structural
data.

In the oxygen-stoichiometric material, nominally con-
taining only Fe?* and Mo®*, the lack of an itinerant Mo
electron prevents the magnetic coupling across Fe-O-Mo
paths, in such a way that the only possible magnetic super-
exchange mechanism would take place via Fe—-O-Fe paths,
in Fe-rich regions of the crystal containing neighboring
Fe’* spins, promoted by the anti-site disordering of this
sample. However in the reduced sample a coupling across
Fe-O-Mo is also possible due to new electronic configura-
tions Fe3*(3d%)-O-Mo>*(4d").

In order to understand this situation for Sr,[Fe; ,Mo,]x-
[Fe,+Mo2/; (]4,06 5, it is necessary to first consider the
statistical distribution of the coordination environments of
the paramagnetic cations. Firstly, the majority of Fe3* (the
only paramagnetic cation present in the oxygen-stoichio-
metric sample) is located on the 4b-site, Feyy,, and it is coor-
dinated to either Moy, or Fey, with fractional occupancies
2/s—0. and '/3+a, respectively. The remaining Fe’* on the
4a-site, Fey,,, is coordinated to either Moy, or Fey, with
fractional occupancies o and 1-o. For m independent
events, each of which has two possible outcomes A and B
with probabilities P, and Pg, respectively, the probability P
of A occurring n times (and B therefore occurring m — n
times) is given by the following expression!!”]

P= '"C,,'PA”‘PB(”””)

where ”'C,, is the number of possible ways that the given
combination of events can occur and is given by

mC, = ml(m - n)ln!

The probability over all Fe on 4a and 4b sites, with frac-
tional occupancies, fireaa) and f(Feap) 1S
Pre = fireany Preaa) T f(Feavy Preab)
and it was normalized such that
Y Pg. = 100

In the same way, the probability is calculated for Mo.
Values of ”C,, and the calculated statistical probability dis-
tribution of all possible coordination environments for Fe
and Mo are given in Table 3.

From this statistical distribution of the coordination en-
vironments of the cations, a simplified image can be built
to represent this situation. Parts a and b of Figure 13 show
a magnetic ordering in the stoichiometric and reduced
(SFM80) samples respectively; only one layer of B cations
is shown for the sake of simplicity. A ferrimagnetic coupling
between up Fe* spins at 4b sites (black in Figure 13, a) and
down Fe3* spins at 4a positions (grey in Figure 13, a) would
ideally give a net magnetization of 5(0.84-0.49) = 1.75(1)
pg/fu., but this would require a perfect coherence between
Fe-rich patches, as illustrated in Figure 13 (a). For a cubic
lattice where 4b and 4a positions are statistically occupied
by 0.84(2) and 0.49(2) Fe ions respectively the probability
of finding Fe—(Fes) and Fe—(FesMo) coordinations are
34.1% (= 13.8% + 20.3%), thus the long range magnetic
connections through Fey,—O-Fe,,—O-Fey, exceed the 31%
percolation limit of a simple cubic lattice.
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Table 3. Probability, P, for all possible distributions of six-coordi-
nated species for Fe and Mo atoms, where ”'C, is the number of
ways in which a particular distribution can occur.

Fef( ) an PFe MO*( ) mcn PMo
SryFe; 33M0.6606
Mog 1 1.1 Feg 1 27.1
FeMos 6 6.4 FesMo 6 32.6
Fe,Moy, 15 15.6 Fe,;Mo, 15 19.9
FesMos 20 21.5 FesMo; 20 11.3
Fe,;Mo, 15 21.2 Fe,Moy, 15 6.3
FesMo 6 20.3 FeMos 6 2.5
Feg 1 13.8 Mog 1 0.4
SroFe; 33M00.6606 5
Mog 1 0.2 Feg 1 10.9
FeMos 6 2.3 FesMo 6 27.6
F62M04 15 9.5 FC4M02 15 31.1
FesMos 20 22.1 FesMo; 20 20.3
Fe,;Mo, 15 31.1 Fe,Moy, 15 8.1
FesMo 6 25.4 FeMos 6 1.9
Feg 1 9.4 Mog 1 0.2

bbb
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Figure 13. Ideal schematic view of the magnetic coupling in (a)
oxygen-stoichiometric and (b) reduced sample. These double perov-
skites contains randomly distributed Fe (full circle) and Mo (circle)
at 4a (black) and 4b (grey) positions.

In the reduced (SFM80) phase this situation is different,
since the Fe-rich regions are magnetically connected
through Mo>*(4d"). Figure 13 (b) illustrates this situation,
where a ferrimagnetic coupling between Fe’* or Mo>* spin
at 4b sites and Fe* or Mo>" spin at 4b sites, would ideally
give a net magnetization of 0.36 pp/f.u. which comes from
considering an antiparallel coupling between the Fe and
Mo spins occupying the 4b and 4b, with the different rela-
tive occupations obtained by NPD and XRPD experiment.

The calculated magnetic moment is bigger than that ob-
tained from the experimental data. The difference probably
arises from the non-perfect coherence between Fe-rich
patches. Notice that the total absence of coherence between
isolated Fe-rich patches would lead, on average, to a null
saturation magnetization.

On one hand, the introduction of oxygen vacancies is in
the origin of the enhanced FM T¢, due to the concomitant
introduction of extra electrons in the system, but, at the
same time, the physical absence of these oxygens hinders
the establishment of a homogeneous FM state, disturbing
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both the superexchange Fe-O-Fe interactions and the elec-
tronic conduction paths. This fact generates a decrease of
the saturation moment and the increment in the resistance.

The coexistence of important electronic conductivity and
FM interactions below T accounts for the magnetotrans-
port properties, as observed in other half-metallic FM
double perovskites. In the absence of band-structure calcu-
lations, we can speculate that the extra itinerant Mo elec-
trons occupy down-spin bands and they are shared among
Fe and Mo atoms. Nevertheless, the parallelism with
Sr,FeMoOg is not complete, because there is a significant
difference with the Sr,Fe; 33Mo0 ¢¢O¢_5 System; the neces-
sary electrons have been introduced by chemical reduction
through the introduction of oxygen vacancies.

The measured MR would be a result of the spin depend-
ent scattering of the charge carriers through the FM clus-
ters; this scattering is reduced when an external magnetic
field is applied thus aligning the orientation of the isolated
clusters. The maximum value of MR (2.5%) accurs at room
temp. obtained from the MR vs. T curves (Figure 10). How-
ever, the observed increase of MR with increasing tempera-
ture is different to that exhibited in other double perov-
skites, namely, Sr,FeMoQy, in which the main component
of MR is attributable to grain boundary tunneling effects
that take place at temperatures well below T¢. In our sam-
ple the MR vs. T behaviour (Figure 10) is comparable to
that exhibited in Sr;Fe,ReQq reported by Pannunzio-Miner
et al.’% For this sample a similar 2:1 (Fe/B’’) ratio as B-
site disorder are comparable with our sample, besides their
electronic configurations. This dependence of the MR with
the temperature can be associated with irreversible relax-
ations of the magnetic domains inside the sample. The tem-
perature can help to reverse the magnetization mechanism
of magnetic clusters or ferrimagnetic regions. On the con-
trary, at low temperature, these ferrimagnetic regions could
be perfectly correlated.

The magnetic susceptibility measurements by SFMS80
(Figure 7) show that the magnetic ordering temperature is
above 400 K; an extrapolation from the ZFC curve (fit to a
Brillouin curve) gives an estimated 7 of 470 K. This is in
good agreement with the temperature-dependent NPD data
that show that the long-range magnetic ordering is estab-
lished between 450 and 500 K.

We have fit the magnetic contributions to the neutron
scattering by modeling an AFM structure consisting of a
perfect arrangement of Fe cations occupying all of the B
positions of a perovskite structure with the same unit-cell
parameters as the crystallographic SroFe; 33Mo0g 6606 s
phase. A comparative analysis of the magnetic moment val-
ues at room temp. show a gradual increment with the oxy-
gen vacancy content (Table 1). The refinement of the mag-
nitude of the magnetic moments on the Fe positions in
SFM80 at 2K, gives an ordered magnetic moment of
2.71(3) pup, with constrained scale factors for the crystal and
magnetic structure. Notice that this is only the average or-
dered component of the magnetic moment over all the B
positions of the perovskite. Our picture thus shows a disor-
dered Fe/Mo pattern in which the Fe-O-Fe superexchange
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AFM interactions are comparable to those existing in
RFeO; ferrites (R = rare earths), as shown in the inset of
Figure 12.

Conclusions

Three reduced samples of stoichiometry Sr,Fe; 33Mog ¢6-
Og_s have been stabilized by topotactical removal of oxygen
atoms in the parent Sr,Fe;33Mo0g 0O compound at in-
creasing temperatures. Annealing in a H, flow at 8§00 °C
(SFM80) constitutes the optimum conditions to produce
the best non-stoichiometric Sr,Fe; 33M0¢ 606 5 phase with
0 = 0.22(2), as determined from NPD data at room temp.
The crystal structure is cubic, space group Fm3m, in the
temperature range 2 K to 500 K; the average thermal ex-
pansion coefficient is 11.9 X 10°® K~!. The crystallographic
formula obtained at room temp. Sri[Feg731,\MO0g 27(1))ap-
[Feo.601)M00 40(1)]4.05.78(2)» involves an important anti-site
disordering, which accounts for the observed magnetic
properties. The magnetic ordering temperature lies within
the temperature interval 450-500 K, as shown from NPD
data, where a distinct magnetic contribution is noted on the
low-angle Bragg reflections; this 7 is enhanced with re-
spect to the parent oxygen-stoichiometric compound (7¢ =
250 K). This high magnetic-ordering temperature is the re-
sult of direct superexchange Fe-O-Fe interactions com-
bined with the presence of itinerant down-spin Mo t5, elec-
trons, induced by the electron doping effect associated with
the oxygen removal. However, as a result of the important
anti-site disordering, the saturation magnetization is very
low even at low temperatures: the spontaneous (uncompen-
sated) site moment obtained becomes x = 0.054 pgp/f.u. For
this reason, the magnetic structure has been successfully re-
fined with an antiferromagnetic (instead of ferromagnetic)
model, with ordered magnetic moments on the Fe site of
2.71(3) pg at 2 K. The electron-doping effect also has a
strong influence on the electronic conductivity, which dra-
matically increases upon H, reduction. Moreover, the re-
duced samples exhibit magnetoresistance, as high as 2.5%
at room temp. for H =5 T.

Experimental Section

General: The parent Sr,Fe; 33Mo0( 6606 double perovskite was pre-
pared as a black polycrystalline powder from citrate precursors ob-
tained by soft chemistry procedures, similar to the method pro-
posed by Viola et al.’! Stoichiometric amounts of analytical grade
Sr(NO3),, Fe(NO3);'9H,0, and (NHy)¢Mo070,44H,O were dis-
solved in citric acid. The citrate and nitrate solutions were slowly
concentrated, leading to organic resins containing a random distri-
bution of the cations involved at an atomic level. These resins were
first dried at 180 °C and then slowly decomposed at temperatures
up to 600 °C. All the organic materials and nitrates were eliminated
in a subsequent treatment at 800 °C in air, for 2 h, giving rise to
highly reactive precursor materials. The resulting black powder was
then treated in air at 1000 °C for 24 h and fired at 1300 °C in two
periods totaling 12 h and the sample was furnace-cooled to room
temperature. This sample is labeled SFM. The oxygen-deficient
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SryFe; 33M006606.5 perovskites were prepared by topotactic re-
duction of the oxygen-stoichiometric perovskite in an H,/N, (5%/
95%) flow at 600, 700 and 800 °C for 10 h. The rate of heating and
cooling was 5 °C min~!. Thermal treatments longer than 10 h did
not produce changes in the obtained samples, suggesting that the
reduction products reach equilibrium with the atmosphere before
this treatment time. These reduced samples are labeled SFM60;
SEFM70 and SFMS80, respectively. The conditions for the
Sry,Fe; 33Mo 606 reduction, were established from Thermal Pro-
grammed Reduction (TPR) data and previous Mossbauer spec-
troscopy results.'¥ The initial identification and characterization
of the samples was carried out by X-ray powder diffraction, XRPD.

The crystallographic study for stoichiometric SryFe; 33Mo0¢ 6606
and reduced Sr>Fe; 33Mog 065 samples were carried out from
XRPD patterns collected at about 300 K (room temp.). The experi-
mental XRPD patterns obtained on a diffractometer Rigaku D-
MAX-IIIC with Cu-K, (4 = 1.5406 A) radiation. The data were
collected over a range of 10-120° (260) with a step of 0.02°; the
effective counting time was 5 s per step.

For the structural refinements, NPD patterns of SFM and SFM80
were collected at room temp. (room temperature) at the high-reso-
lution D2B neutron diffractometer of ILL-Grenoble. The high-flux
mode was used. Additionally, measurements at 2, 150, 250, 350,
450 and 500 K were performed for the SFM80 sample. A wave-
length of 1.594 A was selected from a Ge monochromator. For the
SFM60 and SFM70 samples the NPD patterns were collected at
300 K at the high resolution HRPT diffractometer of the SINQ
spallation source at the Paul Scherrer Institute, Villigen, Switzer-
land with 2 = 1.154 A. The patterns were refined by the Rietveld
method using the FULLPROF refinement program.?h?2 A
pseudo-Voigt function was chosen to generate the line shape of the
diffraction peaks. A SrMoO,4 minor impurity was included as a
second crystallographic phase in the refinements. In the final runs,
the following parameters were refined: scale factors for the main
and impurity phases, background coefficients, zero-point error, unit
cell parameters, pseudo-Voigt corrected for asymmetry parameters,
positional coordinates, anisotropic thermal factors, and antisite
disorder of Fe/Mo and occupancy factors for oxygen atoms. The
coherent scattering lengths for Sr, Fe, Mo, and O were 7.02, 9.45,
6.72, and 5.803 fm, respectively.

Electron microscopy was performed at room temp. in a JEOL 2000
FII with an acceleration potential of 200 kV. The SFM70 sample
was thoughtfully ground, dispersed in n-butanol and placed on a
Cu grid coated with C.

The Thermal Programmed Reduction (TPR) of the stoichiometric
sample was performed with Quantchrome equipment, model
Chembet 3000 TPR/TPD. The mass of sample used was 182 mg
under 20 mL/min of H,/N, (5%/95%) with heating rate of 5 °C/
min.

Thermogravimetric analysis of the reduced samples was performed
in a Shimadzu TG-50H thermal analyzer apparatus using flowing
air at 50 mL/min from 25 °C to 1000 °C, at a heating rate of 5 °C/
min. About 18 mg of the sample was used in the experiment. More-
over, measurements using flowing H,/N, (5%/95%) were collected
for the about 70 mg of stoichiometric sample in the same condi-
tions.

The magnetization measurements for SFM and SFM80 were mea-
sured with a commercial SQUID magnetometer on powdered sam-
ples, in the temperature range of 5-400 K; transport and magne-
totransport measurements were performed by the conventional
four probe technique, under magnetic fields up to 5T in a PPMS
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system from Quantum Design. For the resistance and magne-
totransport measurements, polycrystalline powder of SFM80 was
pressed in bar-shaped pellets and sintered at 800 °C for 6 h in Ar
flow.
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Multistep Anchoring Route of Luminescent (5-Amino-1,10-phenanthroline)-
tris(dibenzoylmethane)europium(III) on Si(100)

Guglielmo G. Condorelli,*!! Cristina Tudisco,?! Alessandro Motta,?!
Alessandro Di Mauro,!?! Fabio Lupo,!#! Antonino Gulino,!?! and Ignazio L. Fragalal?l
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A multistep route for the covalent anchoring of (5-amino-
1,10-phenanthroline)tris(dibenzoylmethane)europium(III)
molecules on silicon (100) has been developed. The anchor-
ing route consists of Si functionalization with N-hydroxysuc-
cinimide (NHS) activated carboxylic acid, followed by nucleo-
philic substitution at the carboxylic acid sites. Characteriza-
tion of the resulting Si based hybrid materials was achieved
by using several complementary techniques: X-ray photo-
electron spectroscopy (XPS), attenuated total reflection FTIR
spectroscopy (ATR-FTIR), AFM and fluorescence spec-

troscopy. Comparison of results obtained for NHS activated
Si surfaces with those of inert alkyl functionalized Si surfaces
proved the covalent anchoring of the Eu complex and ruled
out the presence of physisorbed Eu species. The 1.8 nm
thickness of the grafted layer, estimated by atomic-force li-
thography, is compatible with the presence of the anchored
complex on the surface. Fluorescence measurements proved
that luminescence properties are retained in the grafted com-
plex.

Introduction

Functionalization of inorganic surfaces with specific or-
ganic molecules and metal complexes is a theme of major
interest in contemporary inorganic chemistry because of
potential applications in the fabrication of advanced materi-
als!'! performing specific functions such as memory stor-
age,”l molecular switches®! and sensing. In this field,
monolayers covalently bound to technological substrates
such us Sil! and SiO,! represent very attractive systems
since they allow facile integration in electronic devices and
offer the possibility to make durable devices by stable cova-
lent bonds. Different approaches can be followed for the
covalent functionalization of SiO, and Si surfaces. The first
is based on the bonding of appropriate molecules to the
surface hydroxy groups of the substrate. In this context,
suitable molecules are alkoxy-,[”! chloro-81 and allylsilanes!”!
and various organometallics.l'”) However, this approach
needs strictly controlled experimental conditions to ensure
clean and complete monolayer formation and avoid side re-
actions. On the other hand, direct linking of functional mo-
lecules on H-terminated Si surfaces, through thermal or
photochemical hydrosilylation of multiple bonds, appears
to be an easier and cleaner alternative approach.5 11121 In
this context, we have recently explored direct!'¥ and
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multistepl!*!3] silicon anchoring routes for different inor-
ganic complexes. In particular, multistep anchoring routes
have the advantage of allowing the anchoring of a large
variety of functional complexes often not suited for the di-
rect hydrosilylation reaction.l'® An example of the success-
ful application of a multistep approach is for the surface
binding of biological molecules in so-called DNA
chips.['7-18] Si-anchoring of inorganic complexes by ligand
exchange reactions has been developed and successfully ap-
plied for the covalent bonding of single molecular magnets
(SMM) on a ligand prefunctionalized silicon surface.l'Yl A
similar ligand exchange route has been applied to the sili-
con anchoring of a Ni B-diketonate complex in the vapour
phase.['3] However, this approach can have significant draw-
backs if changing the metal environment affects the func-
tional properties of the inorganic complex. This point must
be taken into account for the anchoring of luminescent lan-
thanide complexes. Although 4f levels in lanthanide com-
pounds have been generally considered essentially atomic in
nature,'”! emission of trivalent lanthanides and, in particu-
lar, of Eu complexes, is strongly influenced by the metal
environment because of the effective intramolecular energy
transfer from the coordinated ligands to the luminescent
lanthanide ion.[?" Photoluminescence (PL) of trivalent eu-
ropium ions is relevant because of the involvement of Eu'!
compounds in efficient light conversion in molecular de-
vices such as phosphors in full-colour flat-panel displays,
laser materials, for sensing, as bioprobes and as memory
devices.?! In fact, despite the limited applications of some
lanthanide B-diketonate complexes due to their poor sta-
bility, Eu'"" B-diketonate complexes also coordinated by a

View this journal online at
wileyonlinelibrary.com
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phenanthroline ligand find application since the neutral li-
gand induces luminescence as well as thermal and photo-
stability.?? In addition, the immobilization of Eu™ Iumi-
nescent complexes on Si represents an approach for the fab-
rication of hybrid inorganic/organic materials showing
SMM properties.

The luminescence properties of (5-amino-1,10-phen-
anthroline)tris(dibenzoylmethane)europium(III) molecules
(1) grafted on quartz substrates have been observed re-
cently.[>’] In this work, a new grafting route suited for the
anchoring of 1 on H-terminated Si surfaces has been devel-
oped. This anchoring route is based on silicon prefunction-
alization with NHS activated carboxylic acid, followed by
nucleophilic substitution of the amine group of 1 at the car-
boxylic acid site. This study describes a grafting strategy to
obtain a Eu complex molecular monolayer that, to the best
of our knowledge, has not been used previously for lanthan-
ide or other inorganic complexes. In addition, we demon-
strate that the experimental conditions adopted for grafting
are fundamental to address an intact covalent assembly of
the Eu complex to the functionalized Si(100) substrate, thus
maintaining the luminescence behaviour of the molecule
and resulting in a luminescent molecular material with the
potential for integration in optoelectronic devices.

In addition, the role of the different functional surface
groups (carboxylic acid, NHS ester and alkyl moieties) on
the anchoring process of 1 has been evaluated. Characteri-
zation of these Si based hybrid materials, which is a crucial
challenge for the development of new devices, has been
achieved by using several complementary techniques: XPS,
ATR-FTIR, AFM and fluorescence spectroscopy.

Results and Discussion

NHS Ester Functionalization of the Silicon Surface

Si(100) surfaces were functionalized with NHS-ester acti-
vated carboxylic groups following a three step route: i)
grafting of methyl protected 10-undecenoic acid on Si; ii)
hydrolysis of the methyl ester leading to undecanoyl acid
functionalized Si (acid-Si) and, finally, iii) NHS ester for-
mation (NHS-Si). In addition, Si(100) surfaces function-
alized with a 1-decyl monolayer (decyl-Si) were also pre-
pared as reference materials. Both approaches for the syn-
thesis of decyl-Si as well as acid-Si have been optimized in
previous studies.['41524 Similarly, both chemical and struc-
tural characterizations of decyl-Si and acid-Si were per-
formed adopting XPS, ATR-FTIR and AFM as widely re-
ported in the previous studies.!!*15-24]

The formation of NHS-Si from the reaction of acid-Si
with NHS is demonstrated by XPS and ATR-FTIR
(Scheme 1, a). The appearance of the XPS N 1s signal in
the nitrogen energy region of NHS-Si is an indication of
the presence of NHS on the surface (Figure 1). The band
position at 402.1 eV is typical of the NHS nitrogen atom
bound to an oxygen atom, according to literature data on
NHS ester monolayers.!>]
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Scheme 1. a) Formation of NHS-Si species on Si(100) and b) subse-
quent anchoring of the Eu complex.

The XPS O 1s spectral region of NHS-Si shows two com-
ponents (Figure 1). The main band centred at 532.7 eV, al-
ready present in the spectra of acid-Si, is due to both car-
boxylic acid groups and oxidized silicon (SiO,). The second
component, centred at higher binding energy (BE),
535.3 eV, is typical evidence of the C-O-N oxygen atom in
the NHS ester.!>”! The C 1s regions of acid-Si and NHS-Si
show the characteristic structure of carboxylic acid and its
derivatives (Figure 1). Both acid-Si and NHS-Si show the
component due to aliphatic hydrocarbons at 285.0 eV. In
addition, the carboxylic C 1s signals at 289.8 and 289.6 eV
indicate acid-Si">! and NHS-Si,[>] respectively.

ATR-FTIR measurements provide further information
useful to monitor surface reactions. Two spectral regions
are diagnostic, namely that of C-H stretching between 3050
and 2800 (Figure 2, a) and that of carbonyl stretching be-
tween 1700 and 1800 cm™! (Figure 2, b). The C-H stretch-
ing region is similar for both acid-Si and NHS-Si. The main
bands at 2926-2927 and 28562857 cm™! are assigned to the
v,(CH,) and V((CH,) stretching modes of the undecanoyl
backbone, respectively.?®?7l Figure 2 (b) compares the car-
bonyl stretching of acid-Si and NHS-Si. A shift of the car-
bonyl stretching from 1721 (for acid-Si) to 1748 cm™! (for
NHS-Si) is evident, as expected for the ester formation.[?3?]

Eur. J. Inorg. Chem. 2010, 4121-4129
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Figure 1. High resolution N 1s, O 1s and C 1s XPS spectral regions
(takeoff angle 45°) of a) acid-Si; and b) NHS-Si.

Anchoring of Complex 1 on the Functionalized Silicon
Surface

Covalent anchoring of the Eu complex has been per-
formed by treatment of NHS-Si with an ethyl acetate solu-
tion of 1. Both the presence and spectral positions of the
XPS Eu 3ds, and N 1s bands of the 1 treated NHS-Si sur-
face (Eu-NHS-Si) are indications of a successful surface re-
action (Figure 3). The N 1s region shows two bands: one
at 400.0 eV (Nppen), assigned to the nitrogen atoms of the
coordinated aminophenanthroline ligand,”® and the other
at 402.1 eV (Nyps), due to unreacted NHS sites. The inten-
sity ratio of these two bands, Nyps/Nphen = 1, allows esti-
mation of a 25% yield of the NHS sites with complex 1
(Table 1). A reaction yield much lower than 100% is ex-
pected also for a homogeneous substrate coverage with 1,
as shown by AFM images (vide infra), because of the larger
size of 1 compared to the NHS esters (from DFT modelling
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Figure 2. ATR-FTIR absorption spectra for NHS-Si and acid-Si
samples in the a) C-H stretching region and b) in the C=0 stretch-
ing region.

2.0 and 0.2 nm?, respectively). The position of the Eu 3ds,
band (1135.9 eV) is consistent with the presence of Eu''! in
the coordination environment of 1. XPS spectra of powders
of complex 1 are reported for comparison (Figure 3).

406 404 402 400 398 396 1150 1140 1130 1120
B.E. (eV) B.E. (eV)

Figure 3. XPS spectra relative to N 1s and Eu 3d regions of a) 1-
treated decyl-Si; b) Eu-NHS-Si; ¢) Eu-acid-Si and d) 1 powder.

In addition, the XPS elemental composition of Eu-NHS-
Si (Table 1) shows an Ny,.,/Eu atomic ratio of 2.9, consis-
tent with the theoretical value of Nyp../Eu = 3 for complex
1. Further experiments were performed to rule out any pos-
sible physisorption or alternative anchoring through coordi-
native interactions with eventually unreacted carboxylic
acid groups. Thus, decyl-Si and acid-Si were similarly
4123
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Table 1. XPS atomic concentrations of NHS-Si, decyl-Si and acid-
Si surface after treatment with 1.

Mole fraction [%0]
Si o C N Eu
402eV 400V

1-treated 443 13.6 40.7 - - -
Decyl-Si

Eu-acid-Si 28.17 33,16 3731 - 0.59 0.85
Eu-NHS-Si  44.36 18.60 3496 0.88 0.89 0.31

treated with the ethyl acetate solution of 1. After treatment
with 1, the decyl-Si sample did not show the presence of
nitrogen or europium (part a of Figure 3 and Table 1), thus
indicating no complex physisorption.

In contrast, treatment of acid-Si with 1 (Eu-acid-Si) leads
to surface modifications as indicated by the presence of the
N Is and Eu 3d bands in the XPS spectra (Figure 3, ¢). The
single N 1s feature at 400.0 ¢V is consistent with the pres-
ence of the coordinated aminophenanthroline ligand, but
the position of the Eu 3ds, band at 1135.1¢V is slightly
shifted compared to that of the powders and Eu-NHS-Si
(Figure 3, d). In addition, the different elemental composi-
tions (Table 1) of Eu-acid-Si vs. Eu-NHS-Si reveal different
reactivities of 1 towards acid-Si or NHS-Si surfaces. In fact,
in the case of Eu-acid-Si, the Nyhen/Eu ratio (0.69) is quite
different from the almost theoretical value (3) observed for
Eu-NHS-Si. This is consistent with a relevant displacement
of the phenanthroline ligand. Moreover, complex 1 can also
exchange one or more B-diketonate ligands with carboxyl-
ate groups of acid-Si leading to a different coordination en-
vironment for Eu'™. The observed shift at lower BE
(-0.8 eV) of the Eu 3ds), in the XPS spectra of Eu-acid-Si,
with respect to that of the powder samples, is consistent
with this exchange, as previously reported for a parent Eu
compound.*’]

Therefore, results obtained for Eu-NHS-Si are consistent
with the anchoring of 1 through a nucleophilic attack of
its -NH, group to the NHS activated carboxylic acid ter-
minations (Scheme 1, b). Finally, it is worth noting that
NHS-Si provides a better surface passivation, compared to
acid-Si. In fact, the Si 2p XPS spectral region of Eu-acid-
Si shows an evident band centred at 102.5 eV due to SiO,.
species, whilst the same feature is much less intense in the
case of Eu-NHS-Si (Supporting Information: Figure S1).
This result agrees well with the observed higher oxygen con-
tent (Table 1) in Eu-acid-Si than that in Eu-NHS-Si.

Eu-NHS-Si has been further characterized by ATR-
FTIR analysis and AFM lithography. Figure 4 compares
the ATR-FTIR spectra of Eu-NHS-Si, NHS-Si and com-
plex 1 reference powder in the region between 1800 and
900 cm~'. The Eu-NHS-Si spectrum shows new features
compared to the original NHS-Si surface. The broad fea-
tures in the 16001400 cm™! region can be assigned to the
convolution of the p-diketonate vibrations, which are
clearly visible also in the spectrum of 1 powder. This sug-
gests that the B-diketonate coordination environment is
maintained after the surface anchoring. The band at
1650 cm ™!, absent in both spectra of NHS-Si and 1 powder,
4124
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is assigned to the typical ¥(C=0) stretches of the amide
bond,?3% formed from the reaction of 1 with the carbox-
ylic groups on the surface. The wide absorption band
centred at 1100 cm™' is assigned to SiOy species, formed
during chemical manipulations. The low feature observed
in the 1750-1720 cm™! range is due to C=O stretches of
unreacted and partially hydrolyzed NHS ester groups.

SiOx

T T T
1400 1200 1000

v(cm™)

I T
1800 1600

Figure 4. ATR-FTIR absorption spectra of a) 1 powder, b) Eu-
NHS-Si and ¢) NHS-Si.

The surface morphology studies were carried out by
AFM. Comparison of statistical parameters (mean particle
height, R.can, and the surface roughness, R.M.S.) among
prefunctionalized surfaces (acid-Si and NHS-Si) and Eu-
NHS-Si indicates relevant surface modifications after the
anchoring of 1. The acid-Si surface appears very flat and
homogeneous with R-M.S. = 0.12 nm and Rc., = 0.3 nm
(Figure 5, a). No significant differences were found for
NHS-Si. Relevant morphology differences were found for
the Eu-NHS-Si (Figure 5, b). The typical vertical size of the
observed features (Rycan) 1S about 0.6 nm and the rough-
ness (R.M.S. = 0.24 nm) is clearly higher than that of acid-
Si.

Monolayer thicknesses of acid-Si and Eu-NHS-Si were
evaluated using AFM lithography (contact mode)!! and
compared to results of DFT modelling (Figure 6, a) in or-
der to obtain information on the geometric arrangement of
the related molecules on Si(100). Thus, grafted molecules
were removed along straight lines by rastering different
areas (0.5 X 1.5 um?) of the surface with the AFM tip under
a suitable constant force (0.24 uN). The scratch obtained
on acid-Si shows an average depth of 0.3 = 0.1 nm, smaller
than that expected for chain extended undecenoic acid. This
could be explained by the presence of some bent chains due
to a possible interaction between the chain carboxylic acid
end groups with the Si-OH termination of SiO, species
formed during the hydrolysis step (Figure 6, b). The scratch
obtained on Eu-NHS-Si has an average depth of

Eur. J. Inorg. Chem. 2010, 4121-4129
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Figure 5. AFM images and average cross section profiles of a) acid-Si and b) Eu-NHS-Si. The two large features on the scratch edge are

due to the material removed from the scratch.
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Figure 6. a) Estimated dimensions of 10-undecenoic acid and of 1 bonded to the undecenoic chain; b) possible arrangement of the
carboxylic chains on the Si(100) surface compatible with the depth of the scratch on acid-Si (a similar arrangement can be proposed for
NHS-Si); ¢) proposed arrangement of complex 1 anchored to the silicon surface, compatible with the depth of the scratch on Eu-NHS-

Si.
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1.8 0.1 nm. Such a value is compatible with the presence
of 1 (whose diameter is approximately 1.4 nm) over unor-
dered undecanoyl chains (Figure 6, ¢). In addition, the pres-
ence of 2.5 nm height features is highly compatible with the
total size of the amide formed between undecenoic acid
and 1.

Luminescence Properties of the Functionalized Surfaces

It is well known that luminescence effects in rare earth
complexes are due to f-f transitions. In addition, often
emission arising from the organic ligand excited states and
from f-d transitions (e.g. Ce**) is also observed. In the case
of Eu™ B-diketonate complexes, the emission spectra con-
sist of °Dy — ’F; transitions (/ = 0-4) mainly dominated
by the °Dy, — F, and D, — ’F, emissions at 590 and
613 nm, respectively.’?33] In general, luminescence proper-
ties of Eu'"' complexes depend on the energy transfer prop-
erties of ligands since excited organic ligands act as light
harvesting groups that, in turn, promote intramolecular en-
ergy transfer from the triplet state to an excited state of
Eu3* .34 Therefore, emission occurs from the lowest excited
state (°Dy) to the ground state (’F;) of Eu** and the pres-
ence of organic ligands, namely -diketonates and phenan-
throline, whose triplet states are higher in energy than the
emissive °D,, excited state determines an efficient energy
transfer process.?%3234 However, intensities of the emis-
sion spectra related to Eu’* intra-4f° transitions between
the °D, and "F_4 levels do not depend on the energy trans-
fer mechanisms but on the excitation wavelengthl?3-34a.3]
and on the local environment around the europium
ion.[34’36]

Figure 7a displays the emission spectra of 1 powders phy-
sisorbed on Si in the 560-650 nm range, adopting two exci-
tation wavelengths, 4., = 265 and 340 nm, corresponding to
the absorption of the phenanthroline ligand!*?37! and to the
n-m* transition of the B-diketonate, respectively.*? The
spectrum consists of the characteristic sharp emission peaks
at 578 (°Dy—"F,), 590 °Dy—"F,) and 611 nm (°Dy—"F,).

Emission spectra of Eu-acid-Si and Eu-NHS-Si are
shown in parts b and ¢ of Figure 7. A good overlap between
the spectra of powders and the functionalized surfaces is
evident. However, the relative intensities of the Dy—F,
and °Dy—’F, transitions are different for the two function-
alized surfaces and this difference can be related to different
chemical environments around Eul in the two cases. In
fact, the >Dy—"F transition does not depend on the chemi-
cal environment around the Eu®* ion due to its magnetic
dipole nature. By contrast, the Dy—F, transition is influ-
enced by the perturbing field of the ligand arrange-
ment.[33-3¢] The intensity ratio between the *Dy—"F, and
’Dy—F; transitions (Isp 7 /lsp, .77, at 340 nm) in the Eu-
NHS-Si sample (= 4:1) is similar to that observed for 1 pow-
ders on Si (= 5:1), but higher than that observed in Eu-acid-
Si spectra (= 2:1). These results suggest that the anchoring
of 1 on NHS activated surfaces occurs without significant
degradation of the Eu coordination environment. By con-
trast, the direct grafting of 1 on the free acid leads to some
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Figure 7. Emission spectra of a) physisorbed 1 powder on Si, b)
Eu-acid-Si and ¢) Eu-NHS-Si.

modification of the original Eu environment.*¢! According
to the XPS results (vide supra), these changes can be related
to the partial displacement of the phenanthroline ligand.
Moreover, substitution of B-diketonate ligands with the
carboxylate groups of the acid-Si monolayer occurs. All the
present findings agree well with results obtained for a pre-
viously adopted anchoring procedure that takes advantage
of siloxane-based functionalized silica surfaces.!*3) There-
fore, it emerges that siloxane procedures are best suited for
transparent silica substrates whereas the NHS mediated
route is more appropriate for grafting on silicon to produce
monolayers that can be integrated in electronic devices.

Conclusions

A multistep synthetic strategy to anchor the Eu complex
on the silicon surface has been developed. The anchoring
strategy is based on the nucleophilic attack of primary
amine groups of aminophenanthrolinic ligands to NHS ac-
tivated carboxylic acid groups of prefunctionalized Si sur-
faces. The role of the NHS activation and, in turn, of the
nucleophilic substitution, was demonstrated by comparing
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the reactivity of 1 with differently functionalized surfaces,
NHS-Si, acid-Si and decyl-Si. The surface reaction on NHS
activated carboxylic groups does not significantly change
the ligand arrangement of 1 during the anchoring process
whereas direct reaction on the carboxylic acid leads to the
exchange/dissociation of some ligands, thus changing the
Eu coordination environment. The synthetic protocol was
assessed by combining a suitable control experiment on de-
cyl-functionalized Si(100). Fluorescence measurements pro-
vided indications of the Eu™ chemical environment and
geometric arrangement on the surface. In particular, photo-
luminescence analysis showed that luminescence properties
are retained in the monolayer thus suggesting that this ma-
terial is suitable for application in the photonic field. The
overall results indicate that the nature of silicon prefunc-
tionalization affects the Eu environment and, hence, the lu-
minescence properties can be modulated by chemical design
of suitable grafted ligands. Finally, it is noteworthy that
there are not many covalently assembled films based on lan-
thanide complexes and, likewise, there are relatively few co-
valently Si-bonded monolayers exhibiting photolumines-
cence.

Experimental Section

General: All chemicals, unless otherwise noted, were commercially
available and used as received. Solvents for substrate cleaning were
purified by distillation. 1-decene for monolayer preparation was
distilled under reduced pressure with Na metal. Complex 1 was
purchased from Aldrich and used as received.

1-Decyl-Functionalized Si (decyl-Si): 1-Decene (10 mL) was placed
in a small flask fitted with a nitrogen inlet and deoxygenated with
dry nitrogen for 1 h. Subsequently, Si(100) substrates were treated
in a piranha solution for 12 min, rinsed in double distilled water
for 2 min, etched in 1.0% hydrofluoric acid for 90 s, rinsed with
double distilled water, immediately immersed in the alkene and
heated to reflux at 200 °C for 2 h under slow N, bubbling to pre-
vent bumping. After cooling to room temperature, the samples
were removed from the flask and sonicated twice in dichlorometh-
ane for 5 min.

Undecanoyl Acid Functionalized Si (acid-Si): Methyl 10-undeceno-
ate was grafted on to Si according to the procedure above. The
methyl protected acid was hydrolyzed with potassium zert-butoxide
in DMSO,P8] according to a method reported by Strother et al.l*]
The grafted surfaces were dipped in a solution of potassium terz-
butoxide in DMSO (250 mm) for 30 s at room temperature followed
by rinsing in acidified water (100 mm HCI).

Undecanoyl Acid NHS Ester Functionalized Si (NHS-Si). NHS-Si
was obtained by placing the acid-Si sample in a solution of NHS
(20 mm) and dicyclohexylcarbodiimmide (DCC, 20 mM) in anhy-
drous ethyl acetate, under dry N, bubbling for 1 h.

Anchoring of 1: Prefunctionalized silicon substrates (NHS-Si, acid-
Si or decyl-Si) were immersed in anhydrous ethyl acetate solutions
of 1 and stirred for 16 h in a glove box at room temperature. Sub-
strates were removed from the solution and cyclically (5 min) soni-
cated in dichloromethane, 2-propanol and double distilled water,
followed by drying with a nitrogen flux, to remove physisorbed
species.
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Characterization Techniques: The XPS spectra were run with a PHI
ESCA/SAM 5600 Multitechnique spectrometer equipped with a
monochromatized Al-K, X-ray source. The BE scale was calibrated
by centring the hydrocarbon/adventitious C 1s peak at 285 eV.

Infrared spectra of the monolayers were recorded with a Harrick
GATR germanium single reflection ATR accessory, collecting 800
scans (scan range 400-4000 cm™!, resolution 4 cm™') per spectrum.

AFM images were obtained with a NT-MTD instrument appara-
tus. The noise level before and after each measurement was
0.01 nm. AFM characterizations were performed in a high-ampli-
tude mode (tapping mode) to avoid any possible modification of
the grafted organic layer on the surfaces caused by the interactions
with the tip whose nominal curvature radius is 10 nm. In order to
account for tip contribution, AFM data were deconvoluted with
PC software ZOD 2.0 from Goh*! assuming an ideal AFM probe
with a tip radius of 10 nm. In addition, the same tip was used for
a set of measurements on different samples, in order to allow a fair
comparison among samples.[*!]

Fluorescence spectra on Si monolayers were obtained with a spec-
trofluorimeter SPEX FLUOROLOG 111, equipped with a solid
plate sample holder for detection in front face. The acquisition
mode used was signal/reference, thus correcting the emission spec-
tra for the detection/optical response of the spectrometer. The inte-
gration time and slit width were 2 s and 5.5 mm, respectively. Two
excitation wavelengths (1) were used: Ao, = 265 and 340 nm.

Supporting Information (see also the footnote on the first page of
this article): Figure S1. XPS spectra of Si 2p region of a) Eu-NHS-
Si and b) Eu-acid-Si.
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Weakly coordinating anions (WCAs)

Interaction of cis,cis,trans-[RuF,(CO),(PPh3),] (1a) with BF;
in acetonitrile affords the dicationic adduct [Ru(NCMe),-
(CO),(PPh3),](BF,)(B2F37) (2), which can be readily carbony-
lated to form [Ru(CO)4(PPhj3),]|(BF,), (3). In contrast, reaction
of 1a with BF3 in dichloromethane leads to the neutral ruthe-
nium-fluoro species [RuF(FBF;)(CO),(PPhj),] (4); facile dis-
placement of the bound FBF; ligand in 4 occurs on treatment
with CO or PPh; to afford cationic [RuF(CO),(L)(PPhj),](BF,)
[L = CO (5a), PPh; (§b)]. On the other hand, reaction of 1a
with PF;5 in dichloromethane furnishes the coordinatively un-
saturated 16-electron salt [RuF(CO),(PPh;),](PFs) (6). Meta-
thesis of the PFg anion in 6 with KB(ArF), [Arf = 3,5-(CF3),-
CgHj3] in dichloromethane results in rapid decomposition,
while in the presence of CO solvent exchange (CH,Cl,) takes

place to vyield chloride-containing [RuCl(CO)3(PPhj),]-
[B(ArF),] (7). Unexpectedly, 1a proved unreactive towards tri-
s(pentafluorophenyl)borane in dichloromethane. However,
by substituting the triphenylphosphane ligands in 1la with
better donor phosphanes or with an N-heterocyclic carbene
(NHCQ) [to give cis,cis,trans-[RuF,(CO),(L),] [L = PEt,Ph (1b),
P(CCPh)Ph, (1c), IPr (1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene) (1d)], fluoride abstraction could be achieved using
B(CeF5)3 to give 16-electron [RuF(CO),(L),][FB(CeFs)s] (L =
PEt,Ph (8b), P(CCPh)Ph, (8c), IPr (8d)]. Carbonylation of 8d
proceeds smoothly to generate the coordinatively saturated
species [RuF(CO);3(IPr),][FB(CsFs)3] (9) in high yield. Single
crystal X-ray structures are presented for 2, 3, 5a/3, 7 and 9.

Introduction

Recent years have seen a surge of interest in the develop-
ment of late-transition metal-fluoro complexes due, in part,
to their potential for mediating selective and efficient car-
bon—fluorine bond forming reactions in organic synthe-
sis.l-19 With reference to ruthenium(II) chemistry, cationic
ruthenium monofluoro complexes have shown great prom-
ise. For example, Mezzetti et al. reported that the 16-val-
ence-electron salt [Ru(dppp).F](PFs) (dppp = 1,3-bis(di-
phenylphosphanyl)propane) could fluorinate a range of or-
ganic molecules containing activated carbon-halide
bonds.'% However, routes to such cationic complexes are
not straightforward and can often necessitate the use of
toxic thallium-based metathesis reagents in combination
with the corresponding ruthenium-—chloride precursor. A
more elegant route might involve the selective abstraction
of a fluoride ligand from a neutral ruthenium difluoro spe-
cies with a suitable Lewis acid. In recent years we have de-
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veloped reliable routes to a general family of complexes of
the type cis,cis,trans-[RuF,(CO),(L),] (1) (Figure 1) that can
bear an assortment of different ancillary ligands (L) includ-
ing organo—phosphanes!''! and N-heterocyclic carbenes
(NHCs).['2

L

OC//I/,,_ | _‘\\\\\ F

Ru
OC/ | \F
L

Figure 1. cis,cis,trans-[RuF,(CO),(L),] (1); L = PR3, NHC.

As part of a preliminary investigation into the chemistry
of 1, we recently reported that a variety of cationic
bis(NHC) complexes are accessible when using boron triflu-
oride as the Lewis acid.['?l However, so far this synthetic
approach has not been conducive to the formation of iso-
lable monofluoro cations of the type [RuF(CO),(L),]* [n =
2 (16 electron), 3 (18 electron)]. We reasoned that the nature
of the Lewis acid, the coordinating capacity of the resulting
fluoro-containing anion, the solvent employed and the an-
cillary ligand L in 1, would each influence the ability to
generate the desired cationic species. To this end we report
in this work a broad study of the chemistry of 1 by: (i) ex-

Eur. J. Inorg. Chem. 2010, 4130-4138



Routes to Ruthenium-Fluoro Cations

Eur|IC

ploring the reactivity of bis(triphenylphosphane)-contain-
ing [RuF,(CO),(PPhj),] (1a) towards boron trifluoride as a
function of the solvent employed; (ii) probing the reactivity
of 1a towards phosphorus pentafluoride; (iii) evaluating tri-
s(pentafluorophenyl)borane as the Lewis acid; (iv) varying
the coligands at the ruthenium centre in a study of
[RuF,(CO)»(L),] [L = PEt,Ph (1b), P(CCPh)Ph, (1¢), IPr
(1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) (1d)].

Results and Discussion

1. Reactivity of 1a towards BF3

Interaction of 1a with BF5-OEt in acetonitrile at room
temperature gave on workup [Ru(NCMe),(CO),(PPhjs),]-
(BF4)(B,F~) (2) as an air- and moisture-sensitive white solid
in good yield (Scheme 1). Substitution of the labile acetoni-
trile ligands in 2 to give [Ru(CO)4(PPhs),](BF,4), (3) could
also be readily achieved on carbonylation. Both 2 and 3
have been characterised by a combination of multinuclear
NMR ('H, '°F, 3'P) and IR spectroscopy along with FAB
mass spectrometry (see Table 1 and Exp. Section). In ad-
dition, both complexes have been the subject of single-crys-
tal X-ray diffraction studies.

Crystals of 2 and 3 suitable for X-ray determinations
were both grown by vapour diffusion of hexane into satu-
rated dichloromethane solutions of the respective complex.
Each structure consists of a distorted octahedral dicationic
unit charge-balanced by either two tetrafluoroborate anions
(3) or one tetrafluoroborate anion and one heptafluorodi-
borate anion (2). In 3 the ruthenium atom is located on a
centre of symmetry. Perspective views of the dicationic units
in 2 and 3 are shown in Figures 2 and 3, respectively; se-
lected bond lengths and angles are collected in Tables 2 and
3, respectively. Within the cation in 2, the two tri-
phenylphosphane ligands are disposed trans [P(1)-Ru(1)-

European Journal
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P(2) 176.31(4)°] with the two pairs of carbonyl and aceto-
nitrile ligands configured mutually cis. In 3, the tri-
phenylphosphane ligands are again mutually trans [P(1)-
Ru(1)-P(1A) 180.00(9)°] but with four carbonyl ligands
now occupying the equatorial belt. Between structures a
slight elongation of the metal-phosphorus bond lengths is
evident on conversion of 2 to 3 [Ru(1)-P(1) 2.4294(11) A,
Ru(1)-P(2) 2.4318(11) A (2) vs. 2.4528(18) A (3)]. This
elongation in 3 presumably takes place in order to allow the
four equatorial carbonyl ligands to maximise their back-
bonding capacity. It is worth noting that crystallographi-
cally characterised examples of dicationic mononuclear ru-
thenium carbonyl complexes are rare.['3] There are no inter-
molecular contacts in either structure.

In the '°F NMR spectra of both 2 and 3, a single reso-
nance with a chemical shift characteristic of a BF, counter-
ion is visible [0 = —155.7 (2), —156.0 ppm (3)]; the presence
of two inequivalent borate counterions for 2, as evidenced
in the solid state, is not apparent in solution. Their 3'P
NMR spectra confirm that the two triphenylphosphane
phosphorus atoms in each molecule are located in equiva-
lent positions with a singlet resonance. The v(CO) bands
[2095, 2050 cm™! (2); 2084 cm™! (3)] in the IR spectra are
seen at notably higher wavenumbers than those observed in
precursor 1a (2045, 1973 cm!),[''® no doubt reflecting the
dicationic nature of the complexes; an additional strong
V(CN) band at 2319 cm ! in 2 confirms the presence of the
bound acetonitrile ligands. Furthermore, the FAB mass
spectra of 2 and 3 support the formulations with fragmenta-
tion peaks corresponding to the loss of acetonitrile (2) or
carbonyl (3) from the corresponding dications.

With the intent of preventing the abstraction of both
fluoride ligands in 1a, the reaction was then attempted in
the presence of a noncoordinating solvent. Hence, reaction
of 1a with BF; at —78 °C in dichloromethane afforded
[RuF(FBF3)(CO),(PPh;),] (4) in near-quantitative yield

PPh3 —‘(BF4)(BZF7) PPh3 (BF4)2
(i) OCy,, | wWNCMe (i) OCy,,. | wCO
— Ru. I
oc” | “YNCMe oc” | “Yco
PPh; PPhs
2 3
PPh; pphy |79
(iii) ocCs, | wFe F (iv) OC/,,,,R| wwF
E—— Ru’__ - U~
oc” | TFy—B oc” | L
PPh; | PPhs
4 5aL=CO
5b L = PPh,
Pph3 —‘(PFG) PPhs—‘ (B(ArF)4)
&) oc,, | (vi). (vil) OCn,,_RI WGl
‘Ru—F u
oc™ | oc” | “Yco
PPh; PPh3
6 7

Scheme 1. Reagents and conditions: (i) BF;*OEt, (xs), MeCN, r.t.; (i) CO, CH,Cl,, r.t.; (iii) BF5;, CH,Cl,, -78 °C; (iv) CO or PPh;,
CH,Cl,, r.t.; (v) PFs, CH,Cl,, r.t.; (vi) KB(ArF),, CH,Cl, r.t.; (vii) CO, CH,Cl,, r.t.
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Table 1. Spectroscopic data for the new complexes 2-9.

W(CO) [em 1l "H NMR [0 F NMR [¢] 3P NMR [d]] FAB-MS
2 2095 (s), 2050 (s),  7.50-7.30 (m, 30 H, Ar-H), 1.67 —155.7 (s, BFy) 27.2 (s, RuP,) 362 [MH — B;F;;, - MeCNP*
v(CN) 2319 (br) (s, 6 H, CH;)
3 2084 (s) 7.65-7.40 (m, 30 H, Ar-H) -156.0 (s, BFy) 21.6 (s, RuPs) 328 [MH - 2BF, - 3COP*
4 2072 (s), 2002 (s)  7.5-7.30 (m, 30 H, Ar-H) ~149.5 [d, 3F, 2J(FF) = 78, 23.4 (br. s, RuP») fel
F,], -237.6 (m, 1F, F,), -330.0
[dm, 1F, 2J(F,F,) = 87, F.]
5a 2163 (m), 2103 7.50-7.60 (m, 30 H, Ar-H) ~156.0 (s, 4F, BF,), 438.0 [t, 22.8 (d, 2J(PF) = 20, RuP,) 701 [M - BF, — COJ*, 673 [M —
(s), 2077 (s) 1F, 'J(PF) = 20, RuF] BF, - 2COJ*, 653 [M - BF, -
2CO - FI*
5b 2054 (s), 1985 (s)  7.50-7.30 (m, 45 H, Ar—H) —155.9 (s, 4F, BFy), —393.7 9.4 [dt, 2J(PF) = 22, 2J(PP) 963 [M — BF,]", 701 [M - BF, -
[app. q, 1F, 2J(PF) = 22, RuF] =29, RuP,;], 14.3 [dd, PPh;]*
2J(PP) = 29, 2J(PF) = 22,
RuP, 4]
6 2073 (s), 2006 (s)  7.70-7.30 (m, 30 H, Ar—H) ~72.7 [d, 6F, 'J(PF) = 713, 16.6 [d, 2J(PF) = 20, RuP,], 653 [M - F — CO - PF([", 625
PF, -345.1 [t, IF, 'J(PF) =  —144.2 [sept, 'J(PF) = 711, [M - F - 2CO - PF¢]*
19, RuF] PF¢]
7 2073 (s), 2011 (s)  7.60-7.35 (m, 30 H, Ar—H) —62.4 (s, 6F, Ar—CF3) 17.3 (s, RuP,) 689 [M — B(ArF), — 2COJ*, 654
[MH - B(ArF), - 2CO - CII*, 625
[MH - B(ArF), — 3CO - CII*
8b 2066 (s), 2005 (s) @ f i 576 [M — BF(C¢Fs); — COJ*, 557
[M - BF(C4Fs); — CO — FI*
8¢ 2070 (s), 2005 (s), 7.99 (m, 2 H, Ar—H), 7.76 (m, 4 ~135.0 (m, 6F, ArF), -160.0  —1.9[t, *J(PF) = 20, RuP;] 720 [M — BF(C4Fs); — COJ*, 692
wWC=C) 2177 (s)  H, Ar-H), 7.37 (m, 24 H, Ar-H)  [t, 3F, 3J(FF) = 22, p-Ar-F], [M — BF(C4F5); — 2COJ*, 673
—165.2 (m, 6F, Ar-F), 1824 [M - BF(C4Fs); — 2CO - FI*
(s, 1F, BF), -3519 [t, 1F,
3J(PF) = 20, RuF]
8d 2063 (s), 2011 (s) 7.42[t, 4 H, 3J(HH) = 7.7, p-Ar-  -135.1 (m, 6F, Ar-F), -162.0 & 953 [M — BF(C4Fs)s]*
HJ, 7.17 [d, 8 H, 3J(HH) = 7.8, m- [t, 3F, *J(FF) = 20, p-Ar—F),
Ar-H], 6.97 (s, 4 H, NCHCHN),  -166.4 (m, 6F, Ar-F), -190.9
241 [pst, 4 H, 3J(HH) = 6.6, (s,br, 1F, BF), -291.3 (s, 1F,
CH;CH), 224 [ps t, 4 H, 3J(HH)  RuF)
=6.2, CH;CH], 1.27 [d, 12 H,
3J(HH) = 6.3, CH3CH], 1.06 (m,
12 H, CH;CH)
9 2062 (s), 2011 (s) 7.41[t, 4 H, 3J(HH) = 7.9, p-Ar-  -135.1 (m, 6F, Ar-F), -161.9 & 953 [M — BF(C¢4Fs); — COJ*

H), 7.15 [d, 8 H, 3J(HH) = 7.6, m-
Ar-H], 7.10 (s, 4 H, NCHCHN),
2.22 [sept, 4 H, *J(HH) = 6.7,
CH,CH], 0.96 [d, 12 H, *J(HH) =
6.8, CH;CH], 0.93 [d, 12 H,
3J(HH) = 6.8, CH,CH]

[t, 3F, 3J(FF) = 20, Ar-F],
-166.3 (m, 6F, Ar-F), -189.9
(s,br, 1F, BF), -432.6 (s, 1F,
RuF)

[a] Recorded with a Perkin-Elmer Spectrum One ATR-FTIR spectrometer. [b] Recorded in CDCl; at 293 K, chemical shifts in ppm
relative to SiMey, coupling constants in Hz. [c] Recorded in CDCl; at 293 K (2, 3, 6-9) or in [DgJacetone at 184 K (4) and 293 K (5a,
5b), chemical shifts in ppm relative to CFCls, coupling constants in Hz. [d] Recorded in CDCl; at 293 K or [DgJacetone at 203 K (3) and
293 K (5a, 5b), chemical shifts in ppm relative to 85% H;PO,, coupling constants in Hz. [e] Not recorded. [f] Because of solubility
problems acceptable NMR spectra could not be obtained. [g] No phosphorus atoms present.

Figure 3. Molecular structure of the dicationic unit in 3 including
a partial atom numbering scheme; all hydrogen atoms have been
omitted for clarity.

Figure 2. Molecular structure of the dicationic unit in 2 including
a partial atom numbering scheme; all hydrogen atoms have been
omitted for clarity.
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Table 2. Selected bond lengths [A] and angles [°] for 2.
Bond lengths

Ru(1)-C(1) 1.889(4) Ru(1)-P(1) 2.4294(11)
Ru(1)-C(2) 1.887(4) Ru(1)-P(2) 2.4318(11)
Ru(1)-N(1) 2.096(3) C(5)-N(2) 1.126(5)
Ru(1)-N(2) 2.073(3) C(3)-N(1) 1.128(5)

Range of B-F (in BF4 and B,F; anions): 1.363(6)-1.513(8)

Bond angles

P(1) Ru(1)-P(2) 176.31(4) C(1)Ru(1)-N(Q2) 176.55(15)
C(1)-Ru(1)-C(2) 92.33(16) C(1)-Ru(1)-P(1)  90.47(12)
C(1)-Ru(1)-N(1) 95.19(15) C(1)-Ru(1)-P(2)  90.51(12)

Table 3. Selected bond lengths [A] and angles [°] for 3.

Bond lengths

Ru(1)-C(1) 1.960(8) Ru(1)-P(1) 2.4528(18)
Ru(1)-C(2) 1.938(9)

Range of B-F (anions): 1.2738-1.4920

Bond angles

C()-Ru(1)-C(2)  89.9(4) C(1)-Ru(1)-P(1) 94.1(2)
C(1)-Ru(1)-C(2A) 90.1(4) C(1)-Ru(1)-P(1A) 85.9(2)
C(1)-Ru(1)-C(1A) 180.0(5) P(1)-Ru(1)-P(1A) 180.00(9)

The atoms labelled with A are generated by symmetry (1 —x, -y, —z)

(Scheme 1). The 'F NMR spectrum of 4 (recorded in [Dg]-
acetone at -89 °C), confirmed the presence of a bound
FBF; unit with two signals attributable to F, and Fy in a
3:1 ratio (see Scheme 1 for labelling). The signal for F, takes
the form of doublet because of the two-bond coupling to
Fy, and its chemical shift (6 = —149.5 ppm) is typical of a
fluorine atom bound to a trivalent boron atom. The signal
for Fy, is poorly resolved because of the coupling to F,, the
trans phosphane ligands and the ruthenium-bound F,,
while its chemical shift (6 = -237.6 ppm) is comparable with
that found in related complexes containing a Ru—F-B link-
age.l'Y Equally, the signal for Ru-F, is poorly resolved, but
a doublet with a coupling constant of 87 Hz is detectable,
which can be assigned to a 2J(F.F}).; coupling; its chemical
shift (0 = —330.0 ppm) is in the region associated with fluo-
ride terminally bound to ruthenium.!'!! Similarly, the low
temperature 3'P{'H} NMR spectrum of 4 was poorly re-
solved with a broad resonance at 6 = 23.4 ppm attributable
to the equivalent trans-configured triphenylphosphanes. It
is uncertain why the spectra are broad even at low tempera-
ture but it is likely that this is a result of the lability of the
FBF; ligand in solution (vide infra). The IR spectrum of 4
shows two v(CO) bands typical of a cis arrangement of car-
bonyl ligands while six bands for the v('°BF) and v(!!BF)
stretches are visible for the coordinated FBF; group.['” The
capacity of [BF4] to coordinate to an electron-deficient
centre is well established spectroscopically and a number
of ruthenium complexes containing such ligands have been
crystallographically characterised.!'>1¢]

In order to probe the anticipated lability of the bound
FBF; group in 4, its reactivity towards donor ligands was
examined. Hence, treatment of 4 with CO or triphenylphos-
phane in dichloromethane at room temperature gave
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[RuF(CO),(L)(PPh;),](BF,) [L = CO (5a), PPh; (5b)] in
near quantitative yields (Scheme 1). Complex 5a has pre-
viously been synthesised by an alternative route and indeed
its spectroscopic properties closely match the data reported
in this work.[!'® The '"F NMR spectrum of 5b shows two
signals, one corresponding to the discrete BF, counterion
(0 = —155.9 ppm) and the other to the bound fluoride
(0 = -393.7 ppm), the latter taking the form of an apparent
quartet. This multiplicity is presumably an overlapping
doublet of triplets with the metal-bound fluoride ligand
coupling to the cis triphenylphosphane and the equivalent
trans triphenylphosphanes. The signal for the coordinated
fluoride is substantially upfield shifted when compared to
precursor 4 but falls in the range found for previously
reported  monofluoro  ruthenium  cationic  com-
pounds.['0:11¢.141 The 3IP{1H} NMR spectrum of 5b reveals
two mutually coupled resonances at 6 = 9.4 and 6 =
14.3 ppm in a 1:2 ratio along with additional doublet multi-
plicities for each signal from the 2J(PF),, couplings (ca.
22 Hz).

Unexpectedly during an attempt to grow crystals of 4
suitable for a single X-ray diffraction study, the structure of
5a was determined as part of a 50:50 superimposed mixture
with complex 3. Furthermore, the fluoride ligand within the
cationic component in 5a was disordered across four equa-
torial sites resulting in an overall 12.5% fluoride site occu-
pancy. An attempt to solve the structure in the P1 and Cc
space groups rather than the C2/c¢ space group (the pre-
ferred one), gave the same disorder problems. As a conse-
quence the affected carbonyl and fluoride atoms were re-
fined isotropically and thus reliable discussion of the associ-
ated metric data is limited. Nevertheless, the Ru-F dis-
tances of ca. 2.117 A fall in the range found for related ru-
thenium(II) complexes.!!%11121 Tt should be mentioned that
such CO/F scrambling has been noted elsewhere.'’! A view
of the superimposed cations is shown in Figure 4; selected

Figure 4. Molecular structure of the disordered cationic unit in 5a/
3 including a partial atom numbering scheme; all hydrogen atoms
have been omitted for clarity.
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bond lengths are listed in Table 4. It would seem probable
that 5a/3 represents a decomposition product formed dur-
ing the crystallisation of 4.

Table 4. Selected bond lengths [A] and angles [°] for 5a/3.[]
Bond lengths

Ru(1)-P(1) 2.4410(18)
Range of B-F (anion): 1.315(12)-1.372(11)

Bond angles

P(1A)-Ru(1)-P(1) 180.00(8)

[a] The atoms labelled with A are generated by symmetry (1 — x +
1/2, -y + 1/2).

2. Reactivity of 1a towards PF5

On the basis of spectroscopic and crystallographic stud-
ies it has previously been proposed that the coordinating
ability of fluoro-containing anions decreases in the order
[BF,]~ > [PF¢].l'7! With a view to exploiting this trend to
prepare coordinatively unsaturated cationic monofluoro
complexes, 1a was treated with PF5 in dichloromethane at
ambient temperature; complex [RuF(CO),(PPh;),](PF¢) (6)
was isolated in high yield as a white solid (Scheme 1). Char-
acterisation by multinuclear NMR spectroscopy supports
the formulation of 6 as a 16-electron ruthenium—fluoro cat-
ion charge-balanced by a discrete hexafluorophosphate
anion. In the '"F NMR spectrum the PF4 anion is seen
as a characteristic doublet at § = —72.7 ppm with a 'J(PF)
coupling constant (ca. 71.3 Hz) that is mirrored in the sep-
tet signal found in the 3'P NMR spectrum. Unlike 4, the
bound fluoride takes the form of a triplet ['J(PF) = 19 Hz]
in the '°F NMR spectrum, while the 3'P NMR spectrum
displays a doublet for the equivalent phosphane ligands
coupling to the cis fluoride. Attempts at recording the
NMR spectrum at a lower temperature (—80 °C, in CD,Cl,)
gave no evidence of any interaction with the ruthenium cen-
tre.

With the aim to indisputably confirm that the [PF4]
anion in 6 undergoes only minimal anion-metal interac-
tions in solution (cf. 4), an anion exchange reaction with
the well-documented “superweak” coordinating anion
[B(ArF),] [ArF = 3,5-(CF;),C¢H5]'81 was undertaken.
Hence, 6 was treated with the potassium salt of the borate
in dichloromethane at room temperature (Scheme 1). The
3P and ""F NMR spectra of the product indicated that
anion metathesis had been successful, however, it was ap-
parent that rapid decomposition of the product occurred in
solution. To circumvent this instability carbon monoxide
was introduced and [RuCl(CO);(PPhs),][B(ArF),] (7) was
isolated in good yield. Complex 7 was characterised by mul-
tinuclear NMR spectroscopy, IR spectroscopy, mass spec-
trometry and by microanalysis (see Table 1 and Exp. Sec-
tion). A single-crystal X-ray diffraction study was also per-
formed.

Crystals of 7 suitable for the X-ray determination were
grown by slow diffusion of hexane into a saturated dichlo-
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romethane solution containing the complex. A perspective
view of the cation in 7 is shown in Figure 5; selected bond
lengths are collected in Table 5. The structure reveals the
presence of the cationic unit charge-balanced by a discrete
[B(ArF),] counterion. Within the cation the two tri-
phenylphosphane ligands are disposed mutually zrans, with
the equatorial sites being filled by three carbonyl ligands
and a chloride so as to complete an essentially octahedral
geometry. The metal-phosphorus bond lengths [Ru(1)-P(1)
2.4193) A, Ru(1)-P(2) 2.437(4) A] are comparable with
those found in 2 and similar to those found in the structur-
ally related salt [RuCl(CO),(NH=NPh)(PPh;),](ClO,).['"!
There are no inter-ion contacts of note.

Figure 5. Molecular structure of the cationic unit in 7 including a
partial atom numbering scheme; all hydrogen atoms have been
omitted for clarity.

Table 5. Selected bond lengths [A] and angles [°] for 7.
Bond lengths

Ru(1)-CI(1) 2.411(3) Ru(1)-C(3) 1.981(14)
Ru(1)-C(1) 1.965(12) Ru(1)-P(1) 2.419(3)
Ru(1)-C(2) 1.911(11) Ru(1)-P(2) 2.437(4)
Range of B-C (anion): 1.607(16)-1.657(14)

Bond angles

CI(1)-Ru(1)-C(1)  93.5(3) CI(1)-Ru(1)-P(1) 88.64(11)
CI(1)-Ru(1)-C(2) 177.3(4) CI(1)-Ru(1)-P(2) 88.38(11)
CI(1)-Ru(1)-C(3)  90.6(4) P(1)-Ru(1)-P(2)  176.80(13)

Inspection of the upfield region of the '"F NMR spec-
trum of 7 confirmed the absence of a signal corresponding
to a bound fluoride while a signal characteristic of the CF3
resonances for the borate were clearly visible more down-
field (6 = —=62.4 ppm). In the 3'P{'H} NMR spectrum the
presence of a singlet is in agreement with the frans configu-
ration of the phosphane ligands and the absence of a neigh-
bouring fluorine ligand. The positive FAB mass spectrum
reveals fragmentation peaks arising from the loss of both
carbonyl and chloride ligands from the cationic unit, while
the negative FAB mass spectrum shows a peak correspond-
ing to the [B(ArF),]” anion.
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It would seem likely that 7 is formed by halide exchange
with the dichloromethane present as solvent. Indeed, fluo-
ride exchange between a fluoro-containing transition-metal
complex and a chlorinated solvent is not uncommon."
Significantly, however, the exchange of the [PF¢] for a non-
coordinating [B(ArF),]” anion appears to have facilitated
this exchange reaction. It is therefore tempting to suggest
that the [PF¢]™ anion in 6 does in fact (though not revealed
in the NMR spectra) exert some mild stabilisation to the
16-electron [RuF(CO),(PPhj3),]* cation that inhibits the ex-
change process. Conversely with [B(ArF),]” as the anion,
the “naked” 16-electron cation is now susceptible to halide
exchange.

3. Reactivity of 1a—1d towards B(C¢Fs);3

In recent years tris(pentafluorophenyl)borane has often
been employed as a Lewis acid for the abstraction of a vari-
ety of anionic ligands and generally the resultant anions
have been regarded as noncoordinating or weakly coordi-
nating.['821] To explore its use as a Lewis acid for fluoride
abstraction, 1a was treated with B(C¢Fs)3 in dichlorometh-
ane at ambient temperature (Scheme 2). Unexpectedly, an
analysis of the reaction mixture by NMR spectroscopy re-
vealed only the presence of unreacted starting material.
Given that reaction of 1a with BF; readily occurs, it was
postulated that B(C4Fs); was not a strong enough Lewis
acid to abstract a fluoride ion from 1la. It was, therefore,
reasoned that an increase in the lability of the Ru-F bond
in 1 might facilitate the transformation. Hence the reactiv-
ity of B(Cg¢Fs)s towards cis,cis,trans-[RuF,(CO),(L),] [L =
PEt,Ph (1b), P(CCPh)Ph;, (1¢), IPr (1d)] was investigated in
which the two PPh; groups in 1a were replaced by more
electron-donating ancillary ligands. Thus, treatment of 1b—
1d with B(C4Fs); in dichloromethane at room temperature
gave the l6-electron [RuF(CO),(L),][FB(Cg¢Fs)s] (L =
PEt,Ph (8b), P(CCPh)Ph, (8c), IPr (8d)] compounds as
pale-yellow solids in high yield (Scheme 2). In the case of
8b the poor solubility of the product precluded characteri-
sation by NMR spectroscopy. Otherwise all the complexes
have been characterised by a combination of IR spec-
troscopy, 'H, '°F and 3'P NMR spectroscopy, FAB mass
spectrometry and elemental analysis (see Table 1 and Exp.
Section).

In the FAB mass spectra of 8b-8d, peaks consistent with
the cationic unit or fragmentation peaks corresponding to
the loss of carbonyl ligands are evident. In the '"F NMR
spectra of 8¢ and 8d, a signal for the B—F fluoride within
the anion was clearly visible [0 = -182.4ppm (8c),
—190.9 ppm (8d)], while the Ru—F resonance could be seen
upfield [0 = —351.9 ppm (8c¢), —291.3 ppm (8d)] as a triplet
for 8¢ (?J(PF) = 20 Hz) or as a singlet for 8d. In the 3'P
NMR spectrum of 8¢, a mutually coupled doublet was ob-
served corroborating the presence of a single metal-bound
fluoride. In 8d the equivalency of the resonances resulting
from the two IPr groups observed in the 'H NMR spectrum
supports their zrans configuration. For all three salts, the
v(CO) bands were found at higher wavenumbers than those
for their corresponding difluoro precursor,'"!?! reflecting
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Scheme 2. Reagents and conditions: (i) B(C¢Fs);, CH,Cl,, r.t.;
(ii) CO, CH,Cl,, r.t.

the cationic nature of the complexes. In 8¢ the presence of
a nonbonded alkyne unit was confirmed by the presence of
the v(C=C) band at 2177 cm! in its IR spectrum.
Carbonylation of 8d under ambient conditions proved
facile affording [RuF(CO)s(L),][FB(C¢F5s)s] (9) as a white
solid in quantitative yield. Confirmation of its formulation
was made on the basis of IR spectroscopy, multinuclear
NMR spectroscopy, mass spectrometry and elemental
analysis. A crystal of 9 was also subject to a single-crystal
X-ray diffraction study. Unfortunately, the data was not
stable to full anisotropic refinement due to poor crystal
quality. Nevertheless, the gross structure revealed the pres-
ence of a coordinatively saturated fluoro cation along with
a noncoordinating [FB(C4Fs)s]” anion; a view of the cat-
ionic unit in 9 is depicted in Figure 6. Notably, crystallo-
graphically characterised examples of complexes containing

Figure 6. Molecular structure of the cationic unit in 9 including a
partial atom numbering scheme; all hydrogen atoms have been
omitted for clarity.
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a [FB(C4Fs)s]” anion are rare.’? As expected the '°F reso-
nances for the borate anion remained unaffected on carbon-
ylation but the resonance arising from the ruthenium-
bound fluoride ion underwent a considerable upfield shift
when compared to that in 8d [0 = —432.6 ppm (9) vs.
—291.3 ppm (8d)]. A similar shift in the Ru-F resonance has
previously been observed for the carbonylation of
[RUF(dppp)s][PF].11%

Interestingly the formally 16-electron complexes 8¢ and
8d appear stable in solution. By analogy with 6, it would
seem plausible that the [FB(C¢F5);] ion also provides some
subtle stabilisation to the electron-deficient ruthenium cen-
tre (although not detectable by NMR spectroscopy). As
with 4, any contact the anion in 8 exhibits with the metal
centre can readily be removed on introduction of CO.

Conclusions

By systematic variation of the Lewis acid, solvent and
electronic properties of 1, ruthenium—fluoro cations of the
type [RuL,(CO),F]* (n = 2,3) have been successfully iso-
lated. In the case of the formally 16-electron cations (n = 2),
it would appear that the coordinating nature of the anion is
vital for providing some mild stabilisation (see 4, 6 and 8);
with a “superweak” anion like [B(ArF),]~ decomposition
occurs.

Experimental Section

General Remarks: All reactions, unless otherwise stated, were car-
ried out under an atmosphere of dry, oxygen-free nitrogen, using
standard Schlenk-line or metal vacuum-line techniques or in a ni-
trogen purged dry box. Solvents were distilled under nitrogen from
appropriate drying agents and degassed prior to use.?® The infra-
red spectra were recorded with a Perkin—Elmer Spectrum One
FTIR spectrometer on solid samples. The ES (electrospray) and the
FAB mass spectra were recorded using a micromass Quattra LC
mass spectrometer and a Kratos Concept spectrometer with meth-
anol or 3-nitrobenzyl alcohol as the matrix, respectively. 'H, 3'P,
F and '*C NMR spectra were recorded with a Bruker spectrome-
ter (ARX 250, AM 300 or DRX 400 MHz) at ambient tempera-
ture; chemical shifts (§) for the 'H and '3C NMR spectra were
referenced internally to TMS (6 = 0 ppm) while the '°F and 3'P
NMR were referenced externally to CFCl; (6 = 0 ppm) and 85%
H;PO4 (0 = 0ppm), respectively. Elemental analyses were per-
formed at the Science Technical Support Unit, London Metropoli-
tan University.

Dicarbonylbis(triphenylphosphane)ruthenium difluoride (1a),!''?]

dicarbonylbis(ethyldiphenylphosphane)ruthenium difluoride
(1b),11al dicarbonylbis(phenylethynyldiphenylphosphane)ruthe-
nium difluoride (1¢)''*) and bis{1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene}dicarbonylruthenium difluoride (1d)!'?' were
prepared according to previously reported procedures. All other
chemicals were obtained commercially and used without further
purification.

Synthesis of 2: A Schlenk vessel was charged, in a dry box, with
1a (0.250 g, 0.347 mmol) and acetonitrile (20 mL) was introduced.
BF;-OEt, (1 mL, excess) was added dropwise to the stirred solution
at room temperature forming a colourless solution. After stirring
at room temperature for 10 h, all volatiles were removed under re-
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duced pressure to afford a white solid. Following crystallisation
from firstly dichloromethane/diethyl ether (1:100) and secondly
from dichloromethane/hexane (1:100), 2 could be obtained as an
air- and moisture-sensitive white powder (0.332 g, 95%). Single
crystals suitable for an X-ray diffraction study were grown by slow
diffusion of hexane into a saturated dichloromethane solution of
2. C4H;34B;3F 1 N,O,P>Ru (1004.90): caled. C 50.15, H 3.58, N
2.79; found C 50.26, H 3.61, N 2.74. FAB mass spectrum, m/z =
(-FAB) 87 (BF,). IR (solid state): ¥ = 2319 (br, CN), 2095 (s, CO),
2050 (s, CO), 1483 (s), 1432 (s), 1066 (BF,), 836 (s), 744 (s), 685
(s) cm™!. See Table 1 for additional spectroscopic data.

Synthesis of 3: A Schlenk vessel was charged with 2 (0.300 g,
0.299 mmol) and dichloromethane (10 mL) was introduced. Car-
bon monoxide was bubbled through the solution at ambient tem-
perature for 30 min. The resulting colourless solution was transfer-
red to a second vessel containing diethyl ether (200 mL) and the
precipitate was collected by filtration. Recrystallisation of the solid
from dichloromethane/hexane (1:150) gave 3 as an air- and moist-
ure-sensitive white solid (0.259 g, 95%). Single crystals suitable for
an X-ray diffraction study were grown by slow diffusion of hexane
into a saturated dichloromethane solution of 3. FAB mass spec-
trum, m/z = (-FAB) 87 (BF,). IR (solid state): ¥ = 3059 (br), 2084
(s, CO), 1479 (s), 1432 (s), 1049 (vs., BF,), 747 (s), 691 (s) cm™'.
See Table 1 for additional spectroscopic data.

Synthesis of 4: Complex 1a (0.03 g, 0.04 mmol) was loaded, in the
dry-box, into a prefluorinated FEP (perfluoroethylene/propylene
copolymer) tube [4 mm outside diameter (0.d.)]. The FEP tube was
connected to a metal vacuum line and the connectors were passiv-
ated. Dichloromethane (0.3 mL) was condensed into the tube at
—196 °C under a static vacuum. The contents were warmed to
—78 °C and then placed under boron trifluoride gas (1 atm) giving
a yellow solution. The solvent was then removed under reduced
pressure to give 4 as an off-white solid (0.030 g, 90%). See Table 1
for spectroscopic data.

Synthesis of 5a: A preseasoned FEP tube (6 mm o.d.) was charged,
in the dry box, with 4 (0.100 g, 0.13 mmol). The apparatus was
reconnected to the line and the connectors were passivated. Dichlo-
romethane (0.8 mL) was condensed into the reaction tube at
—196 °C under a static vacuum. The tube was warmed to —78 °C
and placed under carbon monoxide (2 atm) and slowly warmed to
room temperature. The reaction vessel was left to stand for 3 h
with occasional agitation after which all the solid had dissolved.
All volatiles were removed under reduced pressure to give 5a as an
off-white solid (0.092 g, 89%). See Table 1 for spectroscopic data.

Synthesis of 5b: A preseasoned FEP tube (6 mm o.d.) was charged,
in the dry box, with 4 (0.100 g, 0.13 mmol) and triphenylphosphane
(0.367 g, 0.14 mmol, 1.1 equiv.). The apparatus was reconnected to
the line and the connectors were passivated. Dichloromethane
(0.8 mL) was condensed into the reaction tube at —196 °C under a
static vacuum. The tube was warmed to room temperature and left
for 2 h with occasional agitation. All volatiles were removed under
reduced pressure to give an off-white solid, which was washed with
warm hexane to give 5b (0.108 g, 81%). See Table 1 for spectro-
scopic data.

Synthesis of 6: A preseasoned FEP tube (6 mm o.d.) was charged,
in the dry box, with 1a (0.250 g, 0.347 mmol). The apparatus was
reconnected to the line and the satellite connectors were passivated.
Dichloromethane (2 mL) was condensed into the vessel at —196 °C
and the solution was warmed to ambient temperature whereupon
dissolution of the solid occurred. The resulting yellow solution was
cooled to —50 °C and placed under PFs (1.3 atm). The reaction
vessel was closed and the reaction mixture was stirred and warmed
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(cautiously) to room temperature. The yellow solution was recooled
to —50 °C and PFs was reintroduced and the uptake of the gas
monitored. This process was repeated until the consumption of PF5
had ceased. All volatiles were removed under reduced pressure to
give [RuF(CO),(PPh;),](PF¢) (6) as an air- and moisture-sensitive
yellow powder (0.280 g, 97%). FAB mass spectrum, m/z = (-FAB)
145 (PFg). IR (solid state): v = 2073 (s, CO), 2006 (s, CO), 1479
(s), 1432 (s), 1094 (s), 831 (br), 741 (s), 688 (s) cm .

Synthesis of 7: A Schlenk vessel was charged, in a dry box, with 6
(0.200 g, 0.237 mmol), potassium tetra(3,5-bistrifluoromethyl-
phenyl)borate (0.214 g, 0.237 mmol) and dichloromethane (10 mL)
were then introduced. The reaction mixture was stirred at ambient
temperature for 5h. Following filtration, carbon monoxide was
bubbled through the stirred solution at room temperature for
30 min. The resulting clear solution was transferred to a vessel con-
taining diethyl ether (200 mL) and the resulting precipitate isolated
by filtration. Recrystallistion from dichloromethane/hexane (1:100)
afforded 7 as air- and moisture-sensitive white crystals (0.285 g,
75%). Single crystals suitable for an X-ray diffraction study were
grown by slow diffusion of hexane into a saturated dichlorometh-
ane solution of 7. C;;H4,BCIF,40;P,Ru-0.5CH,Cl, (1650.3): calcd.
C 52.00, H 2.60; found C 52.00, H 2.59. FAB mass spectrum, m/z
= (-FAB) 863 {[B(Ar"),]}. IR (solid state): ¥ = 2073 (s, CO), 2011
(s, CO), 1435 (s), 1351 (s), 1270 (vs), 1131 (br), 881 (s) cm™'.

Synthesis of 8: (i) L = PEtPh, (8b): A preseasoned FEP tube (6 mm
0.d.) was charged, in the dry box, with 1b (0.100 g, 0.161 mmol)
and tris(pentafluorophenyl)borane (0.82 g, 0.161 mmol). The appa-
ratus was reconnected to the line and the satellite connectors were
passivated. Dichloromethane (3 mL) was condensed into the vessel
at —196 °C and the solution warmed to ambient temperature where-
upon dissolution of the solid occurred. After stirring the resulting
colourless solution at room temperature overnight, all volatiles
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were removed under reduced pressure to give [RuF(CO),(PPh,Et),]-
[FB(C¢Fs);] (8b) as an air- and moisture-sensitive white powder
(0.173 g, 95%). CygH30BF;0,P,Ru-2CH,Cl, (1304.80): caled. C
46.00, H 2.60; found C 46.14, H 1.95. FAB mass spectrum, m/z =
(-FAB) 531 [FB(C¢F5)s]. IR (solid state): v = 3357 (w), 2962 (w),
2066 (s, CO), 2005 (s, CO), 1641 (s), 1512 (s), 1459 (s), 1257 (s),
1092 (br), 1014 (br), 966 (br), 792 (s)cm™!. See Table 1 for ad-
ditional spectroscopic data.

(ii) L = P(CCPh)Ph, (8c): The title complex was isolated in a sim-
ilar manner to that used for 8b, using 1¢ (0.200 g, 0.262 mmol) and
tris(pentafluorophenyl)borane (0.133 g, 0.261 mmol). Removal of
all volatiles under reduced pressure gave [RuF(CO),(PPh,CCPh),]-
[FB(C¢F5);] (8¢) as an air- and moisture-sensitive white powder
(0.32 g, 96%). CgoH3oBF{7,0,P,Ru (1278.80): caled. C 56.29, H
2.35; found C 56.29, H 2.29. FAB mass spectrum, m/z = (-FAB)
531 [FB(C4Fs);]. IR (solid state): v = 3010 (br), 2177 (s, C=C),
2070 (s, CO), 2005 (s, CO), 1509 (s), 1461 (s), 1279 (s), 1091 (br),
965 (w), 739 (s) cm™!. See Table 1 for additional spectroscopic data.

(iii) L = IPr (8d): The title complex was isolated in a similar manner
to that used for 8b, using 1c (0.253 g, 0.261 mmol) and tris(pen-
tafluorophenyl)borane (0.133 g, 0.261 mmol). Removal of all vola-
tiles under reduced pressure gave [RuF(CO),(IPr),][FB(C¢F5)s] (8d)
as an air- and moisture-sensitive white powder (0.352 g, 91%).
C,4H7,BF;N,0,Ru-3CH,Cl, (1737.80): caled. C 53.16, H 4.48, N
3.22; found C 53.63 H 4.75, N 2.89. FAB mass spectrum, m/z =
(-FAB) 531 [FB(C¢F5)3]. IR (solid state): ¥ = 2966 (w), 2063 (s,
CO), 2011 (s, CO), 1510 (s), 1454 (br), 1275 (s), 1088 (br), 959 (w),
801 (s), 756 (s) cm™!. See Table 1 for additional spectroscopic data.

Synthesis of 9: Carbon monoxide was bubbled through a stirred
solution of 8d (0.200 g, 0.132 mmol) in dichloromethane (5 mL) for
30 min. Removal of all volatiles under reduced pressure afforded a

Table 6. Crystallographic and data processing parameters for 2, 3, 5a/3, 7 and 9/,

2 3

Empirical formula

M, [gmol ] 1005.17 911.27

Crystal size [mm] 0.37Xx0.12X0.05 0.12Xx0.10 X0.06

Temperature [K] 150(2) 150(2)

Crystal system monoclinic triclinic

Space group P2/c Pl

afA] 21.865(3) 10.2154(18)

b[A] 9.8073(15) 10.904(2)

c[A] 20.139(3) 11.313(2)

a[?] 90 113.046(2)

B 92.785(3) 99.606(3)

7 [°] 90 95.918(3)

U[A3 4313.5(11) 1123.4(4)

4 4 1

D, [Mgm™) 1.548 1.347

F(000) 2024 458

#(Mo-K,) [mm™] 0.524 0.489

Reflections collected 30094 8172

Independent reflections 7598 3923

R, 0.0568 0.0276

Restraints/parameters 0/570 0/229

Final R indices R, = 0.0465 R, = 0.1057

[1>2a(1)] wR, = 0.1028 wR, = 0.3029

All data R, = 0.0671 R, =0.1118
wR, = 0.1101 wR, = 0.3133

Goodness of fit on F? (all data)  1.000 1.378

CioHi6B3F11N,0,PoRu - CyoHioB,FgO4P,Ru

5a/3 7 9
CrsHeoB3F1406P4Ru,  C71 sH43BCLEF2405P-Ru Cr5H,7,BF17N4O3Ru
1717.71 1650.78 1512.25

0.21 X0.07 X 0.04 0.060.15x%0.20 0.26X0.20X0.14
150(2) 150(2) 150(2)
monoclinic triclinic monoclinic
C2e P1 Ce
22.614(12) 13.321(3) 18.227(6)
13.342(12) 18.143(4) 23.267(6)
12.807(8) 18.330(4) 16.982(5)

90 107.813(4) 90
101.329(15) 104.632(4) 102.298(7)

90 110.705(4) 90

3789(4) 3607.1(13) 7037(3)

2 2 4

1.506 1.520 1.427

1730 1650 3104

0.570 0.444 0.319

14310 26234 27059

3726 12583 13525

0.0870 0.1576 0.0934

0/247 0/884 2/401

R, =0.0747 R, = 0.0960 R, = 0.1008
wR, = 0.1782 wR, = 0.1860 wR, = 0.2522
R; = 0.1098 R, = 0.2487 R, =0.1232
wR, = 0.1915 wR, = 0.2399 wR, = 0.2764
1.108 0.863 1.027

[a] Data in common: R, = X||F,| — [FI/ZIFo|, wRy = {Z[W(F,> — F2)Ew(F,2)?} 2, wl = [6X(F,)? + (aP)?], P = [max(F,2,0) + 2(F.))/3,
where a is a constant adjusted by the program; goodness of fit = [X(F,> — F.?)?/(n — p)]"/> where n is the number of reflections and p the

number of parameters.
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white solid, which was recrystallised from dichloromethane/hexane
affording [RuF(CO),(IPr),][FB(C4F5);] (8d) as an air- and moist-
ure-sensitive white powder (0.192 g, 94%). Single crystals suitable
for an X-ray diffraction study were grown by diffusion of hexane
vapour into a saturated dichloromethane solution of 9.
C,sH7,BF;N4O3Ru (1510.80): caled. C 59.56, H 4.76, N 3.71;
found C 59.72, H 4.94, N 3.75. FAB mass spectrum, m/z = (-FAB)
531 [FB(C4Fs);]. IR (solid state): ¥ = 2969 (s), 2062 (s, CO), 2011
(s, CO), 1513 (s), 1457 (vs), 1275 (s), 1088 (s), 962 (s), 750 (s), 671
(s) cm . See Table 1 for additional spectroscopic data.

Crystallographic Studies: Data collections for 2, 3, 5a/3, 7 and 9
were carried out with a Bruker APEX 2000 CCD diftractometer
using graphite-monochromated Mo-K, radiation (1 = 0.71073 A).
Details of the data collection, refinement and crystal data are listed
in Table 6. The data were corrected for Lorentz and polarization
effects and empirical absorption corrections were applied. Structure
solution by direct methods and structure refinement on F? em-
ployed SHELXTL version 6.10.*41 Hydrogen atoms were included
in calculated positions (C—H: 0.93-0.98 A) riding on the bonded
atom with isotropic displacement parameters set to 1.5U.4(C) for
methyl H atoms and 1.2U,(C) for all other H atoms. All non-H
atoms, apart from the disordered fluorine substituents in the CF;
groups of the anion in 7 and the disordered CO/F groups in 5a/3,
were refined with anisotropic displacement parameters. Data was
also collected for 9 but did not prove stable to full anisotropic re-
finement (see Supporting Information).

CCDC-757375 (for 2), -757376 (for 3), -757377 (for 5al/3),
-757378 (for 7) and -757379 (for 9) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: +44-1223-336033; E-mail:
deposit@ccde.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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The compound CaAgGe and its Mn-substituted derivative
CaMny ¢7Ago.03Ge were synthesized by reaction of the ele-
ment mixtures at high temperature. Their structures were re-
fined from single-crystal X-ray diffraction data. CaAgGe
crystallizes in the isomorphic (i3) superstructure of the TiNiSi
type (CaCuGe type). The LMTO band structure calculations
predicted the CaAgGe phase to be metallic. In addition, it
appeared that the valence electron concentration is critical
for the atomic ordering and the resulting superstructure.
Thus, CaAgGe is one electron short per asymmetric unit, but
a drastic narrowing of the electron shortage is achieved

through the more complex atomic ordering in the supercell,
relative to the simple TiNiSi type subcell. This results in the
formation of {Ge,} dumbbells in the supercell, which ascribe
greater electronic flexibility to the structure. Despite the fact
that CaAgGe is not a Zintl phase in the strict definition as
valence balanced intrinsic semiconductor, its structural as-
pects and transport properties can still be understood within
the Zintl concept. The formal Zintl phase CazMnAg,Ge;
could be predicted from the theoretical calculations, but no
significant phase width was observed experimentally in the
substituted derivative CazMng 11Ags 70Ges.

1. Introduction

Understanding the driving forces behind the atomic dis-
tribution in intermetallic phases is a critical step towards
the control of the atomic order in intermetallic crystal
structures and, at present, this remains one of the most
challenging tasks in metal research.!”?! In this context,
equiatomic ternary phases with the formulation RTX (R =
electropositive metal, T = transition metal and, X = late-
or post-transition element) with the TiNiSi-typel! structure
(an ordered ternary variant of the KHg, or CeCu, type)
provide a nice playground for experimental and theoretical
studies, because they crystallize with a variety of atomic
ordering that often leads to various superstructures.*-8 The
TiNiSi structural family is known for its remarkable struc-
tural and electronic flexibility as it accommodates a wide
range of elements, electron counts, and geometrical fea-
tures.*! For instance, assuming the Zn/Ag d'° as pseudo-
core electrons,”) we have in the series CaAgX the binary
phase CaAg,!'% with 4 valence electrons (ve) per formula
unit (fu) crystallizing with the KHg, structure (S.G. Imma)
similarly to the ternary phase CaAgZn (5 ve/fu).l''l The
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same KHg, type was previously reported for the ternary
CaAgGe (7 ve/fu) with Ag and Ge randomly distributed
in the Hg site.l'”l Further, the Zintl phase CaAgSb (and
CaMgGe)l'3- 14 with 8 ve/fu adopts the ordered variant
TiNiSi type (S.G. Pnma). Recently, we reported the phase
CaAgj03Ge; o> In an isomorphic superstructure of the Ti-
NiSi type with a tripling of the @-axis (i3, minimal isomor-
phic subgroup of index 3) and, an almost complete ordering
of the atomic sites.['> The occurrence of the superstructure
in this structural family is well known, like for instance
EuAuGe and CaPdGe (i», space group Imm?2),l1®1 YPdSil”!
(i», S.G. Pmmn), as well as CaCuGe (i3, S.G. Pmna) and
YbAuSn (i3, S.G. Imm2), or even CaAuSn (is, S.G. Pmna).[
But, the origin of the superstructure has been scarcely dis-
cussed. In fact, it is difficult to find a simple valence rule
for the TiNiSi type structure when the R component is a
transition metal as evidenced by bonding analysis in the
MTSi series (with M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni; and T
= Co, Ni) by Hoffmann and co-workers.] But the valence
electrons concentration (vec) seems to be critical for the for-
mation and stability of many compounds with the TiNiSi
type structure especially when the electropositive metal (at
Ti position) is a s-block element. Therefore, it is important
to study the structure—property relationships in this class of
materials in order to determine the structure directing fac-
tors and to understand the origin of the structural isomor-
phism. Such structural variations are usually caused by

View this journal online at
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either varying bonding principles or valence electrons con-
centration, or both.

The KHg,-type is an orthorhombically distorted variant
of the aristotyp AlIB,.[l In the former, a puckering and in-
terconnection of the 6 planar condensed hexagon layers
results in a four-bonded three-dimensional (4b-3D) network
of Hg-type atoms.’® The two main structural features of the
4b-3D net are large channels encapsulating the electroposi-
tive metal and atomic ladders of edge-sharing squares with
locally distorted tetrahedral coordination of the atoms. In
the ordered TiNiSi type structures like CaMgGe,!'¥l the Ge
atoms are exclusively coordinated by Mg and vice-versa. In
contrast, the atomic distribution in the isomorphic phase is
markedly different. In CaCuGe, 2/3 of the atomic square-
ladders have direct Cu—Cu and Ge-Ge homonuclear con-
tacts, while the remaining 1/3 of ladders, have exclusively
heteronuclear Cu—Ge bonds. Here, the occurrence of exo-
bonded {Ge,} dumbbells in the superstructure is note-
worthy since it implies the formation of homonuclear coval-
ent bonds, not observed in the simple TiNiSi type subcell.
With this paper we report on the synthesis and structural
characterization of CaAgGe and the Mn-substituted deriv-
ative CazsMnsAg; sGes (0 =0.21). Both phases crystallized
with an isomorphic (i3) superstructure of the TiNiSi type.
The electronic band structure obtained from the LMTO
method and the bonding analysis have provided some more
insights on the largely documented electronic and structural
flexibility of the TiNiSi type and related structures and, on
the validity of the Zintl-Klemm concept, as well as on the
origin of the superstructure.

2. Results and Discussion

The most relevant details of the crystal structure deter-
mination and refinement are listed in Table 4. CaAgGe and

(a) OT/@._Q\O

%@ IQR)C
| @
‘@\T" -

I
o]

its Mn-substitution derivative crystallize in an isomorphic
superstructure (i3) of the TiNiSi type (Pearson code oP36)
with a tripling of the g-axis and, is isotypic with the Cu
homologue CaCuGe.[¥) This is in contrast with a previous
description of CaAgGe in the KHg, type with Ge and Ag
mixing at Hg position.'?! There are nine crystallographi-
cally independent atomic positions in the unit cell, all at
special position (Table 1). In the Mn-substituted phase, one
Ag position is mixed with a slight amount of Mn. As show
in Figure 1, the (AgGe) substructure is an orthorhombic

Table 1. Atomic coordinates and equivalent isotropic displacement
parameters for CaAgGe and the Mn-substituted phase. U is de-

fined as one third of the trace of the orthogonalized Uj; tensor.

Atom Wyck. x ¥ z U./A?
Ca3Ag3Ge3

Agl 4c 0.26336(3) 1/4 0.5877(1) 0.0130(2)
Ag2 4¢ 0.40425(3) 1/4 0.5797(1) 0.0132(2)
Ag3 4¢ 0.06432(4) 1/4 0.5824(1) 0.0173(2)
Gel 4¢ 0.22801(5) 1/4 0.9170(1) 0.0115(3)
Ge2 4¢ 0.60269(5) 1/4 0.5889(1) 0.0132(3)
Ge3 4¢ 0.42677(5) 1/4 0.9078(1) 0.0114(3)
Cal 4c 0.5005(1) 1/4 0.2813(3) 0.0125(6)
Ca2 4c 0.8334(1) 1/4 0.2932(3) 0.0121(4)
Ca3 4¢ 0.1676(1) 1/4 0.2924(3) 0.0137(4)
CazMng 5 A, 79Ges

Agl 4¢ 0.26317(3) 1/4 0.5853(1) 0.0102(2)
Ag2 4¢ 0.40386(3) 1/4 0.5786(1) 0.0103(2)
Ag3/Mnll 4¢ 0.06301(4) 1/4 0.5792(1) 0.0136(2)
Gel 4¢ 0.22775(4) 1/4 0.9144(1)  0.0088(2)
Ge2 4c 0.60202(4) 1/4 0.5932(1) 0.0100(2)
Ge3 4¢ 0.42641(4) 1/4 0.9067(1) 0.0102(2)
Cal 4c 0.5007(1) 1/4 0.2849(2) 0.0112(4)
Ca2 4¢ 0.8337(1) 1/4 0.2956(2)  0.0089(3)
Ca3 4c 0.1672(1) 1/4 0.2893(2) 0.0100(3)

D
Y @ @ @ @ Ag
ool o E
No-e—yp —0o- ® oo

[a] 20.7(1)% Mn occupancy.

Figure 1. (a) Projection of the structure of CaAgGe and, some structural details of the two types of atomic square ladders with (b)
hetero- and (c) homonuclear contacts. The atom numbers assignment is according to Table 1, and the bond length are in A.
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four-bonded three-dimensional (4b-3D) net with distorted
tetrahedral, and ladder polymers of four-membered rings.
This structural class derives from the aristotyp AlB,
through an orthorhombic distortion. Hence, the 4b-3D net-
work is topologically constructed by puckering the two-di-
mensional sheets of condensed hexagons (6 net), running
perpendicular to the a-axis, and connecting them along the
a-direction to form one-dimensional ladders of edge-shar-
ing four-membered rings, and large channels running along
the b-direction. The main structural difference between su-
perstructure of CaAgGe and the TiNiSi type subcell is the
existence of two types of atomic square ladders in the for-
mer, as a result of the different layers stacking. In CaAgGe,
2/3 of the atomic square ladders show direct Ag—Ag contact
(albeit quite long) and Ge-Ge bonds; and the remaining 1/
3 of ladders the Ge atoms are exclusively coordinated by
Ag and vice-versa, typical of the simple TiNiSi structure.
Another similarity between the ladders with only hetero-
nuclear type bonds and the TiNiSi type subcell is that the
more electronegative Ge atoms, have a strongly distorted
tetrahedral local coordination geometry (rather trigonal py-
ramidal), indicating insignificant s—p orbitals mixing. In
contrast, the surrounding of the less electronegative Ag
atom (mixed with Mn atoms in the substituted phase) cor-
responds to distorted tetrahedral coordination geometry
and, may be assumed as sp® hybridized. Therefore, the
CaAgGe structure is best described as a minimal isomor-
phic (73) superstructure of the TiNiSi type with a tripling of
the subcell a-axis. Noteworthy, in the YbAuSn structure,
the majority 2/3 of the atomic ladders are “hetero” type,
and 1/3 “homo” type. Further comparison with YPdSi
(i,)1 where half of the ladders feature homonuclear con-
tacts and the remaining half, only heteronuclear Si-Pd
bonds, whereas in CaPdGe and EuAuGe (i,)!'® only
“homo” type atomic ladders are observed. In CaAuSn
(i) the relative fraction “homo” and “hetero” type lad-
ders become 2/5 and 3/5, respectively. Here, the ladders with
only Sn—Au hetero type contact show almost similar Sn and
Au coordination geometries and, since this is more typical
to the KHg, type structure, in that sense, the CaAuSn struc-
ture may be viewed as an ordered isomorphic superstruc-
ture of the KHg, type with a quintupling of the subcell b-
axis.

The shortest Ge-Ag distances in CaAgGe range from
2.636(1) A to 2.724(1) A and are comparable with the sum
of the covalent radii of Ge (1.22A) and Ag (1.44 A)
(Table 2). Longer bond lengths are also observed with Ag3—
Ge32.97 A and Gel-Ge2 2.705(2) A in the dumbbells, both
markedly longer than the sum of the Pauling’s atomic
radii.l'’l These long bond lengths are found between the
puckered layers in the stacking direction. The Gel-Ge2
bond length is longer than that in the zigzag chains of
CaGe (dge ge = 2.592 A)'8! and, also longer than the dis-
tances observed in “isolated” Ge-Ge dumbbells, like in
CasGes [dge ge from 2.568 to 2.575(1) A1 Similar long
Ge-Ge bond length of about 2.73 A in the dumbbells was
also observed in the Cu homologue CaCuGe.l® These
longer than expected Ge-Ge and Ag—Ge distances indicate

Eur. J. Inorg. Chem. 2010, 4139-4147
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that the interactions between the layers are somewhat
weaker than intra-layer interactions. Also, the long Agl—
Ag2 distance [3.041(1) A] suggests only weak interactions.
Finally, the double rows of the Ca cations are located in the
large channels of the anionic network with irregular octa-
gon-like shape. These Ca atoms are quite apart from the
anionic network with Ca—Ge and Ca—Ag distances ranging
from 3.10 to 3.36 A and from 3.11 to 3.65 A, respectively.
These distances are comparable with the Ca-Ge and Ca-
Ag distances found in the corresponding binary phases. The
inclusion of Mn atoms at the relatively low level do not
induce very significant changes in the crystal data as ex-
pected from the rather similar atomic size of Ag (1.44 A)
and Mn (1.37 A). Nevertheless, a noticeable trend into the
shrinkage of the unit cell parameters and bond lengths in
the substituted phase is obvious. The cell volume is reduced
from 780.8 to 774 A3 upon substitution. The most signifi-
cant bond shrinkage is for the Ag3—-Ge3 which is reduced
by 0.016 A (about 0.6%), for the shortest, and by 0.028 A
(0.9%) for the longest. In contrast, the longer than expected
Gel-Ge2 bond length remains essentially unchanged (2.705
in the pristine vs. 2.707 A in the Mn-substituted). Similarly,
the other bond lengths in the anionic framework are also
almost unchanged.

Table 2. Selected interatomic distances.

Atom pairs Distance /A
Ca;Ag;Ge; Mn-substituted
Agl-Gel (X 2) 2.665(1) 2.656(1)
Agl-Gel 2.709(1) 2.704(1)
Agl-Ag2 3.041(1) 3.029(1)
Ag2-Ge3 2.636(1) 2.631(1)
Ag2-Ge2 (X 2) 2.654(1) 2.656(1)
Ag3-Ge3 (X 2) 2.681(1) 2.665(1)
Ag3-Ge2 2.724(1) 2.716(1)
Ag3-Ge3 2.970(1) 2.942(1)
Gel-Ge2 2.705(2) 2.707(1)
Cal-Ag3 (X 2) 3.110(2) 3.117(1)
Cal-Ge3 (X 2) 3.153(2) 3.154(1)
Cal-Ag3 3.184(2) 3.167(2)
Cal-Ag2 (X 2) 3.268(1) 3.253(1)
Cal-Ge3 3.350(2) 3.350(2)
Cal-Ge2 (X 2) 3.355(1) 3.355(1)
Ca2-Ge3 3.104(2) 3.080(2)
Ca2-Ge2 (X 2) 3.123(2) 3.108(1)
Ca2-Gel (X 2) 3.124(2) 3.113(1)
Ca2-Gel 3.226(2) 3.229(2)
Ca2-Agl (X 2) 3.239(2) 3.230(1)
Ca2-Ag2 3.318(2) 3.313(2)
Ca2-Ag3 (X 2) 3.330(2) 3.334(1)
Ca2-Agl 3.365(2) 3.365(2)
Ca3-Agl (X 2) 3.175(2) 3.167(1)
Ca3-Ge3 (X 2) 3.198(2) 3.182(1)
Ca3-Ag2 (X 2) 3.237(2) 3.210(1)
Ca3-Gel 3.238(3) 3.229(2)
Ca3-Ge2 3.321(3) 3.326(2)
Ca3-Gel (X 2) 3.360(2) 3.359(1)
Electron and Bonding Requirements
The calcium atoms, as the most electropositive

component of CaAgGe have most likely transferred their
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two valence electrons to the [AgzGes] network. To a first
approximation, the ionic formula may be written as
3Ca’*[Ag;Ges]° . And, assuming that Ag atoms are cat-
ionic, the Zintl chemistry treatment,!”®! can be expressed by
the formulation 3Ca®*, {3Ag*(1b-Ge*),(0b-Ge*),}, (0b-,
1b-, ... stand for zero- and one-bonded, ... , respectively).
This leads us to a one electron deficiency per asymmetric
unit. Alternatively, if we consider Ag to be acting as
pseudo-main group element as discussed in many phases,”!
since the Ag—-Ag contact in the “homo” type ladders are
too distant to be considered as bonding, we can write:
3Ca**, {(3b-Ag>),(4b-Ag>);(4b-Ge®);} resulting in again
in a one electron short system per asymmetric unit. Interest-
ingly, in the hypothetical simple TiNiSi type, CaAgGe is
also one electron short per formula unit in both counting
schemes which is translated into 3 electrons deficiency rela-
tive to the supercell Caz;Ag;Ges. Hence, we can conclude
that according to the Zintl concept, the superstructure has
a beneficial effect on the structure electronic stabilization as
it allows a reduction of the electron shortage from 1 to 1/
3 electron per formula unit relative to the simple TiNiSi
structure.

More generally, many ternary equiatomic phases in the
s—d-p system adopting the TiNiSi type may be described
as electron precise phase within the Zintl concept. Indeed,
CaPdSnl! is a Zintl phase according to the ionic formula
Ca®>*Pd>*Sn* (with purely formal charge assignment). A
rare example of an ordered one electron deficient phase
with the TiNiSi type is CaPdIn.! But here, the implementa-
tion of the Zintl concept is complicated by the fact that the
transition metal, Pd is the more electronegative element and
occupied the Si position in the structure (Pd 2.20 and In
1.78 in the Pauling’s scale). With these findings, it is tempt-
ing to relate the occurrence of superstructure in CaAgGe
to the charge optimization. But varying bonding principles
have also strong influence on the phase stability as in the
case of CaPdIn. Therefore, theoretical band structure calcu-
lations have been conducted in order to gain deeper insight
into the nature of the cooperative bonding in the solid, and
to verify the applicability of the Zintl concept as well as to
explain an eventual electronic origin of the superstructure.

Electronic Band Structure

The density of states (DOS) were calculated for CaAgGe
and the homologue CaCuGe for comparison. As seen from
Figure 2, the DOS curves of both phases are very similar,
except the shift in the energy scale of the Ag/Cu d-orbitals
states from the bottom to the middle of the valance band
region as emphasized in the projected DOS (PDOS). These
filled Ag-4d (or Cu-3d) states occur in narrow bands of es-
sentially localized, soft-core orbitals around ca. —4 eV (or
-3 eV, respectively) well below the Fermi level (Eg). In ad-
dition they are not visible in the corresponding energy sec-
tion of the Ag-Ge interactions -COHP diagram (Figure 3)
discussed below. Thus, in the following discussions the
Ag-d"® will be assumed as pseudo-core electrons.[*!]
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Figure 2. Total and projected DOS (see legend) of the CaAgGe
(bottom): the Fermi level (dashed line) is taken as point of zero
energy, and the solid above Ep corresponds to the Zintl phase (208
ve/cell). On top the DOS of the Cu homologue CaCuGe is given
for comparison.

The formation of a deep pseudo-gap near (above) the
Fermi level (at ca. +0.4 ¢V) is a sign that the atomic interac-
tions in the systems are nearly optimized, with strong local-
ization of the bonding electrons. Two other distinctive re-
gions of the occupied states in the DOS plot of CaAgGe
are noticeable. Firstly, the three localized bands between —8
and —11 eV below Er which are essentially contributed from
the Ge-4s states, with very little Ca and Ag states. Hence,
the Ge-s orbital is basically localized at rather low energy,
with negligible Ge 4s-4p orbitals mixing, in agreement with
the distorted and rather trigonal coordination environment
of the corresponding Ge atoms. Secondly, the region be-
tween —4 eV and the Fermi energy is contributed from Ge-
4p orbitals as well as from a strong mixture of Ag-5s and
Ag-5p orbitals, consistent with sp® hybridized Ag atoms.
However, in this latter portion of the DOS the Ca contri-
butions are non negligible and, they become even higher
than those of Ag-p orbitals, in the portion roughly between
-2.5eV and the pseudo-gap. This is mainly due to the
strong overlapping of the Ca-d orbital states with the val-
ence band, and this is one of the reasons why the compound
is predicted to be metallic. Above the pseudo-gap, the DOS
is largely dominated by Ca, while Ge and Ag have minor,
but otherwise similar contributions. This is an indication
of the large charge transfer between cationic and anionic
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Figure 3. Calculated -COHP diagrams and its integration (-iCOHP) for: (a) all interactions within the anionic network of CaAgGe; (b)
shorter intra-layer bonds corresponding to interactions within the puckered 6° hexagons layers; (c) Gel-Ge2 interactions, and (d) the
Ag3-Ge3 longer (out-layer) bond. The vertical solid line above Ey marks the position of the Zintl phase limit of 208 ve/cell.

substructures. Nevertheless the respectable Ca contri-
butions to the states below the Efy indicate non negligible
covalent character in the Ca-Ge bonding interactions,
though these bonds may be assumed as mainly ionic.

According to the integrated DOS (iDOS), the deep
pseudo gap at ca. +0.4 eV above Eg, does not correspond
to the filling of all valence bands. Indeed, we have a total
of 204 ve/cell up to Er and, 206 ve/cell up to the pseudo
gap. This is lower than the expected 208 ve/cell for a charge
balanced (Zintl)phase. Within the rigid band approxi-
mation, the Zintl phase will be obtained at ca. +0.90 eV
above Er. Thus, CaAgGe is an electron deficient phase, but
will perhaps be charge optimized at slightly lower electron
count than predicted by implementing the Zintl concept
and the octet rule. It is therefore important to identify the
possible unusual mechanism which is associated with the
charge optimization in this open valence-shell phase and
the subsequent phase stability.

In a previous analysis of the bonding in the TiNiSi type
structure using the semi-empirical tight binding extended
Hiickel (eH) calculations, Hoffimann and co-workers*->!
have suggested that the bonding interactions in this family
of structures should be optimized at 17 ve/fu instead of the
18 ve/fu expected from the Zintl concept and the octet rule.
They attributed this unusual valence rule to the antibonding
nature of the orbital interactions at the Fermi level, which
originated from the electrostatic repulsion between bonding
atomic pair within the featuring atomic square ladders.
They concluded that the electron shortage is prompted to
compensate the destabilizing effects of these antibonding
interactions at Er. For CaAgGe, so far, our analysis indi-
cated that the charge in the supercell would apparently be
optimized at 17.2 ve/fu (206 ve/cell) and, a priori this would
suggest that the superstructure is not meant to stabilize the
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system, since from the eH analysis the TiNiSi subcell will
be charge optimized for 17 ve/fu. It is therefore important
to see if the DFT calculations will lead to the same valence
rule for the hypothetical TiNiSi type of CaAgGe. As repre-
sented in Figure 4, the DOS and COHP curves of the hypo-
thetical CaAgGe with TiNiSi subcell, with the PDOS of
the three different atomic components, indicates that Ep is
located at relatively high DOS, and a deep energy pseudo-
gap is visible at ca. +1 eV, above the Fermi level (68 ve/cell
or 17 ve/fu), and corresponds to 72 ve/cell (i.e. 18 ve/fu), as
expected for a Zintl phase. Thus, the electron count derived
from eH calculations for some TiNiSi type is in contradic-
tion with the results of our LMTO calculations. Moreover,
the -COHP diagram in the hypothetical TiNiSi subcell
(Figure 4, b) for all Ag—Ge interactions indicates some sig-
nificant bonding levels above Ey and, that the bonding in
the anionic network will be optimized at 72 ve/cell as pre-
dicted by the Zintl concept. Therefore, the TiNiSi type sub-
cell for CaAgGe will result in an electron deficient phase.
Noteworthy, the Ag-d levels here are more localized than in
the supercell as they form a distinct band roughly between
—5.5 and -4.0 eV below Eg, without overlapping with the
valence band. Most likely, the widening of the correspond-
ing Ag-d band in the supercell, leading to the mixing with
the valence band, is an indication of Ag-d orbitals contri-
butions to the overall bonding of the system, probably as
the result of the direct Ag-Ag contact in the “homo” type
atomic square ladders. To validate further the assumption
that the electron count for this class compounds with the
TiNiSi type structure is optimized for 18 ve/fu instead of
17 ve/fu as suggested by the semi-empirical eH method, the
electronic structure of the homologous Zintl phase CaAgSb
was also calculated with the LMTO method. As seen in
Figure 5, a very narrow energy gap is opened in the DOS
4143
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plot (Figure 5, a) at the Fermi level, while the other por-
tions of the electronic structure remain virtually identical
to that of the hypothetical TiNiSi subcell of CaAgGe with
respect to their relevant aspects. Moreover, the -COHP dia-
gram (Figure 5, b) of the all Ag-Sb interactions in the
structure indicates they are optimized at Ey, with typical
features of covalent interactions. These confirm CaAgSb as
a charged balanced phase as predicted from the Zintl con-
cept.
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E-EgleV

Figure 4. (a) Total and projected DOS (see legend) of the hypo-
thetical TiNiSi subcell of CaAgGe. (b) Average -COHP diagrams
of the Ag-Ge interactions in the anionic framework. The Fermi
level is taken as point of zero energy. The solid line above Er marks
the position of the Zintl phase at 72 ve/cell.

The reasons why the DFT analysis differs from the eH
method are yet to be thoroughly accessed, but this is very
common for intermetallic systems in which the approxi-
mations of the semi-empirical method are translated in an
exaggeration in the extent of the charge transfer from the
cations to the anionic substructure and, corollary, in the
magnitude of the antibonding interactions. The latter is
weighted in the eH method by the crystal orbital overlap
population Crystal orbital overlap population analysis
(COOP)P?? analogue of the COHP. Therefore, we can con-
clude that for CaAgGe the electron deficiency is reduced in
the superstructure as opposed to the simple TiNiSi type
structure, and this confirms that electronic factors are be-
hind the occurrence of the superstructure. Nevertheless, in
the latter, CaAgGe remains electron deficient (albeit to a
much less extent), and the question of the phase stability is
still open. At this point, it should be mentioned that several
4144
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Figure 5. (a) Total DOS and PDOS (see legend) of the Zintl phase
CaAgSb with the TiNiSi-type structure. (b) Average -COHP dia-
grams of the Ag-Sb interactions in the anionic framework.

examples of phases with an open valence-shell are reported
in the literature.”>>4 In general, such apparently electron
short compounds with respect to the classical closed-shell
bonding Scheme seems to develop when an interplay of
other factors that govern the formation and stability of in-
termetallic compounds, like Madelung energy or packing
efficiency, eventually overcome the usually dominant elec-
tronic effects.>>] In some case, a judicious adjustments of
the bonding characteristics are realized using the flexibility
of some peculiar subunits of the structure. In the TiNiSi
type, the electronic flexibility was ascribed to the antibond-
ing states at Ey, arising from the intrinsic nature of the in-
teractions within the atomic square ladders (vide supra).[*-!
In addition, the ability of the anionic network to be dis-
torted anisotropically, owing to its lower orthorhombic
symmetry, is the main factor behind the geometrical flexi-
bility. Another flexible subunit with strong ability for elec-
tronic stabilisation is the homoatomic dimer. For instance,
{Sb,} dumbbells in the series Ae;;CdSb;> (Ae = Sr, Ba)?%
were found to ascribe a greater flexibility to the system,
critical to the stability of the phase which features unusually
long Cd-Sb covalent bonds (ca. 3.55 A). The {Ge,} dimers
and atomic square ladders are the two main features of the
anionic network in CaAgGe structure. Therefore, it is worth
to evaluate their respective contributions to the electronic
stability of the phase. Thus, in order to investigate further
the stabilizing factors of this electron short phase, a more
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detailed analysis of the relative bond strength in the anionic
framework were conducted using the -COHP diagram and
its integration (-iICOHP). In Figure 3 (a) the -COHP curve
for all interactions within the {Ag;Ges} anionic network is
shown. The interactions are bonding below Er and anti-
bonding above ca. +0.9 eV, with an energy gap (non bond-
ing) well above Er and separating the two regions. These
are typical features of covalent bonds, but with some unoc-
cupied bonding states above Ep, confirming that the phase
is electron deficient, and more electrons are needed to fully
optimize the system. To evaluate the atomic ladders flexibil-
ity, we have to compare the bond strength within and be-
tween the puckered 63 layers form by the {Ag;Ge;} hexa-
gons, since their interconnection along the a-direction gen-
erates the atomic square Ladders. In Table 3 where the
—1COHP values of the most relevant interactions are sum-
marized, it appears that all intra-layer bonds are strength-
ened, while all but one out-layer bonds, the Agl-Ag2, are
conversely weaken when the overall charge of the system is
optimized from 204 ve/cell at Egx to 208 ve/cell. All the
twelve Ag-Ge bonds of the unit cell yielded an average
value of 1.813 eV/bond up to Er The nine intra-layer bonds
(Figure 3, b) have an average -iICOHP value of 2.011 eV/
bond, almost twice as strong as the remaining four out-layer
bonds (Figure 3, c) where we have 1.100eV/bond in
average. These confirm that the interactions between the
puckered 6° hexagon layers are weaker than those within
them, in agreement with the bond lengths. Moreover, the
—COHP curve of the Gel-Ge2 dimers (Figure 3, d) is very
typical of the molecular dumbbells with two pairs of filled,
degenerate bonding and antibonding orbitals with n-char-
acter, in analogy with the 1, molecule.*”l The molecular or-
bitals may be simplified, due to the negligible mixing be-
tween the s- and p-orbitals of Ge as follows: 16, 16*, 20,
Im, 2m, 1n*, 2n*, 26*,. This simplistic description is pos-
sible even though the dimers in this structure are not iso-
lated but rather exo-bonded to Ag atoms. Anyway, the
Gel-Ge?2 electronic structure here resembles that of an iso-
lated Ge,® . The -iICOHP value of 1.908 eV/bond at Ef for
the Gel-Ge2 bond indicates relatively stronger than antici-
pated interactions in view of the long bonding distance; but
the bond is clearly non-optimized with antibonding states
at Er. In Ae;;Cd¢Sby,, a quite similar electronic structure
was obtained for {Sb,} dimer from the same ~-COHP analy-
sis, but there the bond was well optimized with a clear en-
ergy gap at E?®! For the {Ge,} dimer in CaAgGe struc-
ture, the levels of the overlapping 1n*, and 21*, yoecular
orbitals are shifted to the vicinity of the Fermi energy and,
this together with the absence of an energy gap at Eg are
most likely the result of the, significantly longer Ge-Ge dis-
tance as compared to the sum of Pauling radii. Further, at
+0.9 eV above Er where the overall bonding in the anionic
framework would be optimized (i.e. 208 ve/cell), the Ge-Ge
bond will be weakened to 1.753 eV/bond, meaning that an
optimization of the electron count of the system is not
favourable for this bond. Conversely, the Ag3-Ge3 bond is
roughly optimized with 1.880eV/bond at Eg but some
weak antibonding interactions are visible at Er as well. But
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this bond will be less sensitive to an increase of the valence
electron count (Figure 3, e) since the -iICOHP value at 208
ve/cell will be 1.911 eV/bond, meaning a moderate bond
strengthening. This may partly explained why the Ag/Mn
mixing is observed only at Ag3 position, and why it is so
limited. Thus, the {Ge,} dumbbells may have the greatest
stabilization effect to compensate the instability generated
by of the electron shortage, because of the bond strengthen-
ing as well as the large antibonding nature of the states at
Er Indeed, the absence of an energy gap at the Fermi en-
ergy ascribes some electronic flexibility to the structure.*®]
The fact that the aliovalent Mn for Ag substitution was
achieved without disturbing the structure, providing an ex-
perimental evidence of the superstructure electronic flexibil-
ity. Therefore, the overall stability of the system is realized
through the achievement of the right balance between the
magnitude of the antibonding interactions at Ep in the
{Ge,} dumbbells and the destabilising effect of the electron
shortage which results in non-occupied bonding states at,
and above Ey This mechanism involves a fine tuning of the
bonds strength (distance) between the puckered hexagons
layers represented by the Gel-Ge2 and the longest Ag3—
Ge3 bond lengths in the structure. Meanwhile, it was re-
cently proposed that an unusual strong participation of the
cations (here Ca) in the overall bonding may also help in
compensating the instability arising from the electron short-
age, as proposed in the BasInyBis structure.l**!

Table 3. Calculated -iCOHP values of the relevant bonds in the
CaAgGe.

Atom pairs Distance /A —iCOHP (/eV/ —iCOHP (/eV/bond)
bond) up to Ex up to +0.9eV
Gel-Ge2 2.705 1.908 1.753
Agl-Gel (X 2) 2.665 2.032 2.058
Agl-Gel 2.709 1.931 1.957
Agl-Ag2 3.041 0.730 1.196
Ag2-Ge2 (X 2) 2654 2,074 2.099
Ag2-Ge3 2.636 2.149 2.161
Ag3-Ge3 (X 2) 2.681 1.880 1.912
Ag3-Ge3 2.969 1.101 1.095
Ag3-Ge2 2.724 1.844 1.880
all intra-layer 2.636-2.724  1.989 2.011

Lastly, the Agl-Ag2 bond is relatively weak as expected,
with an -iICOHP value of 0.730 eV/bond, up to the Fermi
energy. Above, they are some unoccupied bonding states,
and it will be strengthened at 208 ve/cell to 1.1956 eV/bond.
Nevertheless, the contribution of this bond to the phase sta-
bility remains negligible.

3. Conclusion

The isostructural CaAgGe and the Mn-substituted deriv-
ative adopt an isomorphic superstructure of the ubiquitous
TiNiSi type with a tripling of the a-axis, as a result of a
different atomic ordering compared to the subcell. The elec-
tronic band structure calculations on a DFT levels con-
firmed CaAgGe as a slightly electron deficient phase, as
predicted by implementing the Zintl concept. But, our cal-
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culations demonstrate that the superstructure may be driven
by the electron shortage, since the latter is predicted to be
larger in the simple TiNiSi type subcell. It is also deter-
mined that the overall phase stability is achieved through a
judicious adjustments of the bonding characteristics of the
peculiar subunits of the structure (dumbbells and square
ladders), that have strong ability for electronic stabilisation.
Further optimization of the structure could be predicted by
the calculations and somewhat partially confirmed experi-
mentally through the aliovalent Ag for Mn substitution.
Nevertheless, the formally Zintl phase Ca;MnAg,Ge; could
not be obtained perhaps because of the competitive forma-
tion of other phases. Possibly, the charge optimization ac-
cording to the classical view of the valence rule will remain
elusive here, because of the inherent flexibility of the pris-
tine phase. Furthermore, when using aluminium as substi-
tuting element, we found that the superstructure is sup-
pressed and a random Ag/Al mixing is observed in the solid
solution CaAg; ,Al.Ge with x close to 0.5 as expected from
the Zintl concept.l*’]

4. Experimental Section

4.1. Synthesis: All manipulations of the starting materials and
products were done in an argon-filled glove-box with an O, and
H,O level < 0.1 ppm. For the synthesis mixtures of the elements
(all from ABCR GmbH, Karlsruhe, Germany) Ca (granules,
99.5%), Ag (60 um powder, 99.9%), Ge (50 um powder, 99.999 %)
and, Mn (powder, 99%+) were loaded in niobium ampoules
(@ 9 mm) which were sealed on both ends by arc-melting and, in
turn, enclosed in evacuated fused silica tubes to protect the former
from air oxidation at high temperature.

CaAgGe was obtained as a pure phase by reacting the mixture with
a composition Ca/Ag/Ge = 3:2:2 at 1000 °C/4 h followed by slow
cooling to room temperature at the rate of —6 °C/h; a 50% Ca ex-
cess appears to be important to obtain large single crystals, suitable
for X-ray diffraction experiments, but also to avoid the formation
of by-products like CaAg,Ge, (ThCr,Si, type).?! In an attempt to
prepare the charge-optimized Zintl phase Ca;MnAg,Ges with 1/3
of the Ag substituted by divalent Mn, the corresponding stoichio-
metric mixture was used (also with 50% Ca excess) and, the pre-
vious temperature procedure was applied. This procedure yielded
the phase Cas;Mny(1)Ags791)Ges with lower than expected Mn
content from the refinement of the data from single-crystal X-ray
diffraction, and confirmed by EDS analysis. Further attempts to
increase the Mn content by either larger amount of Mn in the reac-
tion mixtures or higher reaction temperature were unsuccessful, as
their resulted in roughly similar refined composition (within 3c
standard deviation) and, in the formation of other phases like the
solid solution Ca3zMng 43Ag, 37Ges 70" with the ScsNiSis typel3”
and CaMnGe as the major phase.l*!l Previous endeavours to pre-
pare the hypothetical Mg-substituted charge-balanced phase
Ca;MgAg,Ges were also elusive, and always produced phases with
higher Mg content, CaMg; ,Ag,Ge (x < 0.15) in the simple TiNiSi
type subcell.[3?)

4.2. EDS Analysis: The single crystals of the Mn-substituted phase
that were used in X-ray diffraction experiment as well as the bulk
sample were analysed by the Energy Dispersive X-ray Spectroscopy
(EDS) technique using a field emission scanning electron micro-
scope (JSM-7000F, JEOL, Japan) operating at 15 kV and equipped
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with an energy dispersive X-ray spectrometer (INCAx-sight, Ox-
ford Instruments, UK). Elemental cobalt was used as standard, and
corrections for atomic number, absorption, and fluorescence were
applied. The analysis on several single crystals of the substituted
phase confirmed the presence of all four elements with the atomic
ratio Ca/Mn/Ag/Ge = 34(1):1.0(1):34(1):31(1), roughly close to the
refined values.

4.3. X-ray Powder Diffraction: The samples were routinely charac-
terized by X-ray powder diffraction using an X’Pert-Pro dif-
fractometer using Cu-K,, radiation (1 = 1.5406 A) in the 20 range
of 5-90°. The generator voltage was 45 kV and the tube current
was 40 mA. The measured X-ray powder patterns of the resultant
products were indexed using crystal data obtained from single crys-
tal diffraction experiments.

4.4. Single Crystal X-ray Data: The single crystals of CaAgGe
(0.10X0.08X0.04 mm) and the Mn-substituted phase
(0.15%x0.12X0.08 mm) were isolated from the crushed samples
and the data were collected at 295K on an Xcaliburd dif-
fractometer equipped with a CCD camera using Mo-K,, radiation
(4 = 0.71073 A) from an enhanced optic X-ray tube operating at
50 kV and 40 mA, and a detector-to-crystal distance of 50 mm
(Table 4). Data integration and numerical absorption correction
were carried out with the Crysalis software package.*3 The space
group Pnma was confirmed by the systematic absent reflections
and successful structure refinement. The structure solution and re-
finement were carried out using the SHELXTL software pack-
age.’4

Table 4. Selective details on X-ray single crystal data collection and
refinement parameters.

Chemical formula CaAgGe CaMn o7(1,Ag.031Ge
Formula weight 661.62 650.64

Crystal color and habit  silver metallic rod silver metallic rod
Temperature 293(2) K 293(2) K

Crystal system / space orthorhombic / Pnma  orthorhombic /

group (no. 62) Pnma (no. 62)

Unit cell parameters

Unit cell volume / Z
density calculated
Abs. coeff. (Mo-K,)

F000)

Absorption correction
Index range

Reflections collected

Independent reflections
Observed refl. [/>20(1)]

Refinement method

Parameters/restraints
Goodness-of-fit on F2
Final R indices
[1>20(D)]

Final R indices (all data)

Weighting parameters!

Extinction coefﬁci(;:nt
Residual map [e /A%

a=21.581(1) A,
b=45827(3) A,
¢=7.8947(5) A
780.79(8) A%/ 12
5.63 glem?

20.64 mm'!
(A=0.71073 A)
1188

empirical
32=h=730,
6=k=4,
-10=/=11
6768 (R, = 0.0394)
1445 (R, = 0.0478)
876

full-matrix least
squares on F?
56/0

1.083

R, = 0.0465/
WwR, =0.1017

R, =0.0881/
wR, =0.1141

a = 0.0476
0.0056(3)
1.73/-1.83

a=21.5244(6) A,
b=45622(2) A,
¢=7.88203) A
774.005) A3/ 12
5.58 g/em?

20.64 mm™!
(A=0.71073 A)
1170

empirical
Bl=h=17,
6=k=6,
-10=/=11
7008 (R, = 0.0287)
1436 (R, = 0.0326)
932

full-matrix least
squares on F2
5710

1.085

R, =0.0305/

WR, = 0.0956

R, =0.0521/

wR, = 0.1009
a= 00472
0.0060(3)
1.84/-1.96

[a] w = 1/[c2(F,?) + (a*P)2 + b-P], P = [max(F,%0) + 2 X F.2)/3.
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Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-421236 for CaAgGe and CSD-421235 for CaMn o;A g 93Ge.

4.5. Electronic Bands Structure Calculations: The electronic struc-
tures and the chemical bonding of CaAgGe, and for comparison
CaCuGe, were investigated on the basis of the density-functional
theory (DFT) using the tight-binding linear-muffin-tin-orbital (TB-
LMTO-ASA) approach and the local-density approximation
(LDA) within the program LMTO47c.133 The hypothetical TiNiSi
type subcell for CaAgGe was also considered to access its stability
and compared to that of the formally charge balanced Zintl phase
CaAgSb.

The radii of the muffin-tin spheres were determined by an auto-
matic procedure subject to a 16% overlap restriction,*®! and no
additional empty spheres were necessary. The k-space integration
was performed by the tetrahedron method on a set of 280 irreduc-
ible k points and, the basis set employed was Ca-4s/(4p)/3d, Ge-4s/
4p/(3d), Sb-5s/5p/(4d), and Ag-5s/5p/4d (down-folded orbitals in
parentheses). The crystal orbital Hamilton population (COHP)37]
was used for the analysis of the relative bond strength. Since the
COHP is an energy partition, negative/positive values indicate
bonding/antibonding interactions. The integration of the COHP
(ICOHP) is used as a qualitative measure of mainly covalent bond
strength between pairs of interacting atoms in the structure. The
Fermi level in all figures is taken as the zero energy level, and the
COHP are drawn by reversing their values with respect to the en-
ergy scale (i.e., -COHP vs. E). By doing this, the calculated values
become negative for antibonding and positive for bonding interac-
tions.
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Mononuclear Copper(I) Complexes Containing Redox-Active 1,2-Bis(aryl-
imino)acenaphthene Acceptor Ligands: Synthesis, Crystal Structures and
Tuneable Electronic Properties

Thomas Kern,!?l Uwe Monkowius,*!2l Manfred Zabel,!” and Giinther Knor*!2!

Keywords: Copper / Electronic spectra / Solvatochromism / Charge transfer

A series of pseudo-tetrahedral copper(I) complexes carrying
bis(imino)acenaphthene (BIAN) ligands as acceptor subunits
and various phosphane derivatives was prepared and char-
acterized by elemental analysis, X-ray crystallography and
spectroscopic techniques. The electronic spectra of the com-
pounds are dominated by low-lying metal-to-ligand charge
transfer (MLCT) transitions which could be systematically
modified by different substituent patterns at the diimine ac-
ceptor subunit and by variations of the electron donating
properties and bite angles of the phosphane moiety. A quali-
tative model based on frontier-orbital overlap arguments is

introduced to describe the observed variations in optical
spectra, excited state energies, solvatochromic behaviour,
charge transfer character, and extent of electronic coupling
following moderate changes in orbital mixing. Due to their
readily tuneable properties and the potential of the BIAN li-
gands to reversibly store up to four redox equivalents, these
systems are of considerable interest for the development of
novel multi-electron transfer photosensitizers which are
based on the abundant and environmentally benign transi-
tion metal copper.

Introduction

There is currently an increasing interest in the develop-
ment of novel catalyst systems based on cheap, abundant
and environmentally benign metal ions. Especially, the re-
placement of quite expensive second- and third-row transi-
tion elements, such as the commonly employed rhenium,
ruthenium, iridium, palladium or platinum coordination
compounds by first-row transition metals or main group
elements as catalytically active centres is gaining more and
more attention.['! In this context, copper-based reagents
offer an attractive alternative to complexes of the noble
metals, according to their prominent role in enzymatic re-
dox catalysisl®”] and to the significance of Cu-containing
heterogeneous catalysts®*1 already used in many important
technical processes.

In order to promote multi-electron transfer reactivity,
which is crucially required for many permanent substrate
transformation processes, individual copper centres are fre-
quently attached to other redox-active subunits. This may
be achieved by the formation of multinuclear metal com-
plexes or by establishing an efficient coupling to organic
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ligands, which are acting as electron transfer cofactors. Fol-
lowing this latter strategy, we have combined a mononu-
clear copper centre with 1,2-bis(arylimino)acenaphthene
(Ar-BIAN) derivatives as redox-active bidentate N-donor
chelates.['%!! The strong m-acceptor properties of Ar-BIAN
ligands have already been successfully employed to intro-
duce exceptionally low-lying metal-to-ligand charge trans-
fer (MLCT) transitions in several d® chlorotricarbonyl Re!
complexes,'?! and the beneficial properties of these com-
pounds have soon led to interesting applications such as
low-band-gap sensitizers in bulk-heterojunction photovol-
taic devices.'*>!'¥ Similar bathochromic shifts of charge
transfer transitions expanding far into the visible spectral
region of the solar spectrum could also be expected for the
corresponding d'® Cu' derivatives of 1,2-bis(arylimino)-
acenaphthene, which should be able to significantly improve
the efficiency of new types of solar cells based on conven-
tional copper 2,2'-bipyridine sensitizers.l'>1?] Moreover, the
properties of Ar-BIAN derivatives are particularly attract-
ive for the development of novel types of photocatalysts,
since the delocalized m-electron system of these ligands has
recently been demonstrated to reversibly store up to four
electrons upon consecutive two-electron reductions,!'”? thus
acting as a potential electron reservoir for catalytic multi-
electron reactions.

Here, we report the synthesis, structural characterization
and spectroscopic properties of a series of air-stable mono-
nuclear Cu! Ar-BIAN systems with Ar = phenyl, p-tolyl,
p-methoxyphenyl or o- b1s(1sopr0py1)pheny1 and additional
phosphane-based mono- or bidentate P, PP and PO ligands
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in the coordination sphere of the copper centre. The suit-
ability of these systems to accumulate reduction equivalents
and to act as a redox relay for catalytic applications will
also be discussed in this paper.

Results and Discussion

Syntheses

The series of Ar-BIAN compounds (1a-1d) and phos-
phane derivatives (2a-2d) studied as ligands for copper(I)
in this work is summarized in Scheme 1.

R—N N—R oMs
\ 2
SN ; Y@Y
1a 1b Ie 1d
Ph,R'P = Ph,P : \O/Q @
2 3 N I
PPh, PPh, Ph,P PPh,  PPh, O

2a 2b 2¢ 2d
Scheme 1.

Reaction of the 1,2-bis(arylimino)acenaphthene deriva-
tives 1la—1d with [Cu(NCCH;)4]PF¢4 as a low-valent copper
precursor and different phosphane ligands in CH,Cl, leads
to deeply coloured compounds, which are obtained as crys-
talline materials upon precipitation with n-pentane. All
metal complexes isolated were stable in the solid state with
respect to air and moisture. They were characterized by ele-
mental analysis and 'H NMR, FTIR and ESI-MS spectro-
scopic methods. In the case of the heteroleptic compounds
1-3 carrying mono or bidentate phosphane ligands, red or
violet crystals were formed according to the stoichiometric
reaction shown in Scheme 2.

[Cu(NCMe),JPFg + 2 Ph,RP + R-BIAN

DCM t rt.

3
/N\Cu“\\:PRIPhZ PFg
6
O \N/ \PR‘PhZ
&

Scheme 2.

In another case, the initially expected formation of the
heteroleptic Ar-BIAN phosphane derivative was incom-
plete, and a defined copper(I) complex 4 carrying only one
phosphorus donor 2d was obtained following the general
conditions of Scheme 2. This compound could also be pro-
duced in comparable yield, when the correct 1:1 stoichiome-
try was applied. Surprisingly, the combinations 1¢/2a and
1a/2d result in the formation of a product mixture in only
low yields. Recrystallisation gave only a few crystals of the
unintended compounds shown in Figure S1-S3 (Supporting
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Information). Therefore, no further chemical analyses were
performed. Interestingly, with some other substituents R in
the Ar-BIAN ligand series, the homoleptic bis-1,2-diimine
complexes were isolated as unexpected main products under
the standard reaction conditions applied. These almost
black compounds showed very interesting spectroscopic
and redox properties, which will be presented in a separate
publication.

The remarkable variety of coordination patterns of the
isolated species formed by a supposedly straightforward
synthetic procedure is a typical feature, which reflects the
well-known lability of copper(I) phosphane complexes in
solution.l'®!°] Therefore, it is important to keep in mind
that the preparation of defined species requires a delicate
balance and control of the reaction conditions, and that a
thorough structural characterization of the products be-
comes necessary. On the other hand, however, this feature
may be quite advantageous for potential catalytic applica-
tions of such systems, since rapid ligand exchange at a labile
substrate binding site similar to the reduced forms of mono-
nuclear “type 2” copper centres in oxidoreductases!’! is a
highly desirable feature for functional enzyme mimics and
bio-inspired catalysis.[’]

Structural Studies

Single crystals suitable for X-ray diffraction of com-
pounds 1, 2, and 4 were obtained from acetonitrile/pentane.
Crystals of 1 and 2 are monoclinic with P2,/n (Z = 4). 4
crystallizes in the monoclinic space group P2/c (Z = 4)
with one molecule of ethyl ether in the asymmetric unit.
Characteristic bond lengths and angles are summarized in
Table 1. In compounds 1 and 2, the copper atom is coordi-
nated by the BIAN and phosphane ligands in a distorted
tetrahedral environment (see Figures 1 and 2). In analogy
to other Cu' complexes of 2b there are no sub-van der
Waals contacts between the oxygen atom of the phosphane
ligand and the copper atom in 2.?°) In contrast, the copper
centre in complex 4 is coordinated by the BIAN and one
phosphane ligand and shows a distorted trigonal-planar co-
ordination geometry (Figure 3). Due to the weak contacts
between the copper centre and the oxygen atom of the alde-

Table 1. Bond lengths and angles of 1, 2, and 4.

Bond length [A] 1 2 4
Cul-N1 2.132(3) 2.068(2) 2.045(2)
Cul-N2 2.088(3) 2.087(2) 2.080(2)
Cul-P1 2.246(1) 2.252(1) 2.172(1)
Cul-P2 2.280(1) 2.224(1) -
Cul-Ol - - 2.495(2)
Bond angles [°]
NI1-Cul-N2 79.2(1) 80.1(1) 81.8(1)
P1-Cul-P2 119.4(1) 112.3(1) -
P1-Cul-Ol - - 75.9(1)
N1-Cul-P1 121.1(1) 105.9(1) 141.1(1)
N2-Cul-P2 108.4(1) 112.6(1) -
N2-Cul-P1 118.9(1) 111.7(1) 133.6(1)
N2-Cul-O1 - - 108.7(1)
www.eurjic.org 4149
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hyde function [Cul-O1 2.495(2) A] the copper atom lies out
of the plane defined by the atoms N1, N2, and P1. With
the exception of the Cul-N1 distance in 1 [2.132(3) A] all
Cu-N distances are very similar (2.045-2.088 A). Likewise,
1 and 2 exhibit similar Cu—P distances (2.224 and 2.280 A),

Figure 1. Complex cation in crystals of 1 (ORTEP, displacement
ellipsoids at the 50% probability level).

Figure 3. Complex cation in crystals of 4.
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whereas in 4 this bond is significantly shorter [Cul-P1
2.172(1) A]. The bite angle of the BIAN ligand lies in a
narrow range [79.2(1)-81.8(1)°] comparable to other Cu-—
BIAN complexes.'!] The lower steric flexibility of the che-
lating DPEPhos ligand 2b leads to a smaller P-Cu-P angle
in 2 compared to 1 [1: 119.4(1)° vs. 2: 112.3(1)°].

Electronic Spectra

The absorption spectra of all copper(I) Ar-BIAN com-
plexes investigated in this study display various electronic
transitions below 400 nm and an additional broad chromo-
phoric feature in the visible spectral region (Figure 4,
Table 2).

Absorbance (a.u.)

T T
300 400 500 600
Wavelength / nm

Figure 4. Electronic absorption spectra of compounds 1-4 in DCM
solutions.

Table 2. UV/Vis spectroscopic data of the complexes 1-4 in DCM
solution at 298 K.

/max [nm] (¢ [L/(molcm)])

461 (7400), 332 sh (16400), 319 (18100), 255 sh (45000)
481 (12100), 333 sh (28500), 315 sh (40900)

518 (6800), 310 s/ (29800), 289 sh (33100)

405 sh (7500), 340 sh (7400), 323 (33300), 312 sh (31700),
257 sh (62200)

AW =

The shorter-wavelength bands are dominated by the typi-
cal structured intraligand (IL) transitions localized at the
Ar-BIAN m-electron system,'?! which are only slightly
shifted with respect to the corresponding UV absorptions
of the free diimine ligands. The broad chromophoric visible
bands are ascribed to metal-to-ligand charge transfer
(MLCT) transitions from predominately copper(I) localized
d-electrons to the lowest unoccupied m*-orbitals of the Ar-
BIAN ligand.?"! While metal centered ds- and dp-excited
states may be present at higher energies, no other low-lying
transitions involving the copper valance electrons are ex-
pected due to the d'° electronic configuration of the central
metal. The phosphane moiety of the complexes also does
not directly contribute to significant spectral features, since
the IL bands of these subunits are covered by the more
intense diimine-based mr*-transitions of the compounds.

Eur. J. Inorg. Chem. 2010, 4148-4156
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The charge transfer assignment of the visible spectral
bands of the complexes, which is in agreement with the reg-
ular spectroscopic properties of many other copper(I) di-
imine systems such as the extensively studied phenan-
throline derivatives,?>24 is strongly supported by the oc-
currence of a conspicuous negative solvatochromism, shift-
ing the visible absorption maxima of all compounds to
higher energy with increasing solvent polarity. This charac-
teristic effect, resulting in drastic colour changes in com-
pounds such as 1, can be quantified by applying different
solvent polarity scales such as the empirical E*yct pa-
rametersi>’! (Figure 5).

25000

. 22500

energy [cm’

20000

17500

T T
0,25 0,50 0,75 1,00

solvent parameter E,, ..

Figure 5. Correlation of the charge transfer transition energies of
compounds 1 (A) and 2 (W) with the E*\; ot values of different
solvents.

A reasonably linear correlation is observed for the solva-
tochromic behaviour of all compounds investigated in this
study, although for 1 a significant deviation from a simple
polarity character of solvent interactions seems to be opera-
tive in systems containing a carbonyl group, such as DMF
and acetone (Figure 5). In this context it is interesting to
recall that the preparation of copper Ar-BIAN complex
with the carbonyl containing phosphane ligand (compound
4) also leads to larger deviations from the regular synthetic
pathways. Therefore, it is tempting to speculate about domi-
nant exchange equilibria between phosphane and carbonyl
ligands in solution as a general property of these copper(I)
compounds. This feature should be very useful for the de-
velopment of catalytic cycles involving carbonyl group con-
taining substrates, but still has to be further confirmed by
a more systematic study exceeding the scope of this work.

Another support for the proposed MLCT assignment of
the lowest-lying electronic transitions of the copper Ar-
BIAN complexes is provided by the results of TD-DFT cal-
culations, which clearly indicate the charge transfer charac-
ter of the frontier orbital (HOMO-LUMO) transition re-
sulting in a shift of electron density from the electron-rich
copper phosphane donor moiety to the 1,2-diimine ac-
ceptor side of the molecule. The excited state with the high-
est calculated oscillator strength results predominately from
such a transition (Figure 6, S6, and Table S2).
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Figure 6. Contour plots of the highest occupied (left) and the low-
est unoccupied molecular orbitals of complex 1 [DFT calculation
at the B3LYP/6-31G(d,p) level].

It turns out that the HOMO of the heteroleptic com-
plexes is not purely localized at the copper d-orbitals, but
also carries a substantial portion of admixed phosphane
ligand character, as illustrated in Figure 6. Therefore, the
phosphane moiety, although spectroscopically attracting
minor attention, can not only be regarded as a spectator
subunit with regard to the photophysical properties, but sig-
nificantly modifies the electronic structure and orbital cou-
pling of the systems as will be described later in more detail.
The LUMO predominately consists of the n-electron system
of the coordinating diazabutadiene moiety (N=C-C=N),
which is forced to stay rigid because of the aromatic acen-
aphthene backbone.'”) The LUMO-energy of the ligands
can be moderately influenced by variations of substituents
R, which are situated in p-position of the non-coplanar aryl
groups directly attached to the nitrogen atoms of the diaza-
butadiene moiety. This allows to lower the MLCT transi-
tion energies by increasing the m-acceptor strength of the
Ar-BIAN system. In a certain solvent, the bathochromic
shift of the charge-transfer band maximum slightly in-
creases in the series R = OMe < Me < H < COOMe,
which linearly correlates to the trend predictable by the
Hammet o, parameters, as already observed before in a
similar system.['?!

A much more drastic effect on the electronic structure,
however, is induced by small modifications at the phos-
phane moiety of the heteroleptic Ar-BIAN copper com-
plexes. For example, the exchange of R = H (1a) vs. Me
(1b) at the Ar-BIAN acceptor side should induce a moder-
ate blue-shift of approximately 500 cm™! for the MLCT
transition of complex 2 relative to 1.['% In contrast to this
prediction, the MLCT band of 2 is actually 900 cm™' red-
shifted, because the additional structural variation at the
phosphane moiety overcompensates the expected effect of
the methyl groups. It therefore turns out that the partially
mixed copper-phosphane character of the metal-dominated
donor subunit of the complexes deserves more attention for
a detailed discussion of origin and properties of the lowest-
lying charge transfer transitions. In Figure 7, a simplified
MO picture is provided to illustrate some of the relevant
interactions involving the dm and n* frontier orbitals of the
compounds, assuming a pseudo-tetrahedral ligand sphere
around the copper(I) center.

4151
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Figure 7. Metal-ligand frontier orbital overlap interactions in pseu-
dotetrahedral copper(l) diazabutadiene complexes carrying ad-
ditional P-donor ligands.

As shown in this qualitative picture, the P-localized lone-
pairs of the phosphane o-donor moiety may directly inter-
act with one of the occupied dr-orbitals of the copper cen-
ter in a tetrahedral environment. This orbital interaction
induces a destabilization of the copper(I) oxidation state
and thus should lead to a decreasing excitation energy (ba-
thochromic shift) of the corresponding MLCT transitions
in heteroleptic complexes carrying 1,2-diimine acceptor li-
gands. According to angular orbital model considerations,
the destabilization of the copper d-orbital shown in Fig-
ure 7 can be minimized by increasing the angle 6 between
the Cu-center and the two o-donor ligands situated at the
corners of the tetrahedron. In fact, when two individual
phosphane ligands are coordinated, as is the case in com-
pound 1, a quite large distortion from the idealized tetrahe-
dral geometry occurs, and the P-Cu—P angle 6 reaches a
value of 119.4°, which is exceeding the hypothetical rectan-
gular arrangement corresponding to a maximum d-orbital
overlap by almost 30°. In the case of compound 2, where a
P-Cu-P angle of 112.3° is imposed by the chelating bis-
phosphane ligand, the corresponding overlap integral
should be larger due to the reduced bite angle.*®! Therefore,
the d-orbital destabilization (wavelength of the MLCT
maximum) and the effects of admixed phosphane electron
density are expected to be higher in 2 (A« = 481 nm) com-
pared to 1 (.« = 461 nm). Within a series of phosphanes
of very similar basicity, as is the case with the coordinating
P atoms in the o-donor ligands 2a and 2b, in fact the bite
angle 0 seems to be a dominant parameter for tuning the
excited state energies of such types of complexes. A calcu-
lated Walsh diagram supporting such arguments is given
in Figure 8: whereas the HOMO energy is pushed up with
decreasing P-Cu—P angle 0 the energies of the LUMOs are
hardly effected upon changing of 0 (Figure S8).

Besides variations in the P-Cu-P angle, larger changes
of the o-donor strength of different phosphane ligands will
also lead to modifications of orbital mixing and MLCT en-
ergies, with electron rich phosphanes such as 2¢ resulting in
even stronger effects than decreasing bite-angles, and thus
shifting the lowest-lying electronic transitions significantly
to the red (Apnax = 518 nm in 3).271 Removal of one of the
phosphorus ligands and thus lowering the average ligand
field around the copper center has the opposite effect, re-
sulting in higher MLCT transition energies in compounds
such as 4.

While all these electronic effects discussed here certainly
determine the optical properties of the compounds, another
crucial frontier orbital interaction has the potential to
4152
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Figure 8. Walsh-diagram illustrating the effects of variable phos-
phane bite angles 6 on the three highest occupied orbital energies
of the copper complex cation [(Ph-BIAN)Cu(PPh;),]* obtained by
single point calculations at the B3LYP/6-31G(d,p) level.

strongly influence the chromophore delocalization and
therefore the actual charge transfer character of the corre-
sponding excited states, which again will control the ex-
pected photoreactivity of the compounds. As can be seen
in Figure 7, the copper dn-orbital directly influenced by the
phosphane donor moiety has the proper symmetry to inter-
act with the m-electron system of the 1,2-diimine acceptor
site. Since the N-Cu—N bite angle of the Ar-BIAN ligands
(79° in 1 and 80° in 2) is quite small and nearly approaches
the 72° value of an aromatic five-membered ring such as
a cyclopentadienyl anion, this m-interaction should not be
neglected. In principle, for symmetry reasons, the n-orbital
overlap with the copper center may only influence the
HOMO-1 (y,) and the LUMO (y3*) of the diazabutadiene
fragment (see Figures 7 and 9), while the HOMO (y,) and
LUMO+I1 (y4*) linear combinations remain non-bonding.
The lowest unoccupied MO (y3*) of the Ar-BIAN ligand
depicted in Figure 9 has the largest orbital coefficients at
the nitrogen atoms directly connected to the copper(l) cen-
ter.?8] Therefore, the LUMO is predominately affected by
this orbital interaction.

Whenever the electron density of the copper phosphane
donor fragment is rising and the energy of the drn-orbital is
high, also the mixing with the 1,2-diimine-based LUMO
becomes more pronounced. As a consequence, the MLCT
states are not only red-shifted, but at the same time become
more delocalized between the copper center and the Ar-
BIAN acceptor side. The corresponding excited states will
no longer display pure charge transfer properties and less
pronounced dipole moment changes will occur between
ground- and MLCT-excited states. Experimentally, this fea-
ture is drastically illustrated by the different solvatochromic
behaviour of complexes 1 and 2 (Figure 5), where the less
delocalized derivative 1 carrying monophosphane ligands
contains the more typical charge transfer chromophore
with obviously much larger electron density rearrangements
occurring in the lowest excited state.

Eur. J. Inorg. Chem. 2010, 4148-4156
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Figure 9. Approximate composition of the n-molecular orbitals of
1,4-diazabutadiene.

When such typical MLCT states with a pronounced
charge transfer characteristics are populated, the transition
metal center in terms of a classical radical pair model for-
mally reaches the copper(1l) oxidation state with a d° elec-
tron configuration. At the same time, the Ar-BIAN ligand
is formally reduced by one electron to form a radical anion.
According to the Jahn-Teller effect, a distortion of the
pseudo-tetrahedral coordination sphere around copper(II)
occurs when the molecule is relaxing from the initial
Franck—Condon state to reach a significantly flattened ther-
mally equilibrated excited state geometry.?? In the course
of this relaxation process, the copper(Il) oxidation state is
stabilized and nucleophilic substrate or solvent molecules
may approach the coordinatively unsaturated “axial” sites
at the Cu center. In terms of the orbital interactions dis-
cussed above, it is important to note that this well-estab-
lished flattening distortion occurring in the charge transfer
excited state will also lead to an orbital decoupling of the
donor and acceptor subunits in the compounds, since the
dn-overlap of copper with the diazabutadiene moiety shown
in Figure 7 is gradually lost with an increasing distortion of
the tetrahedron and should even vanish completely in a
square planar system.

By comparison of the redox properties of known rheni-
um(I) Ar-BIAN complexes!!?! with the corresponding data
available for phenanthroline-copper(I) and -rhenium(I)
complexes,l'®2T it can be predicted that the MLCT-excited
copper(I) Ar-BIAN systems such as 1 should be very versa-
tile redox reagents for photoinduced electron transfer pro-
cesses in solution.[*%] Besides the possibility of back-electron
transfer re-forming the copper(I) ground state species, the
decoupled 1,2-diimine radical anion subunit of the MLCT
excited species might for example further react in a second-
ary electron transfer process by reductive quenching involv-
ing a donor substrate. This type of reaction, which is ex-
pected to be favoured due to a low reorganization energy,
should then result in the formation of the diamagnetic Ar-
BIAN? dianion'”-? in the coordination sphere of copper
and thus could store two reduction equivalents on an elec-
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tronically decoupled acceptor ligand. Such a process is ex-
tremely useful for the development of photocatalytic sys-
tems suitable for multi-electron transfer reactions similar to
the ones involving biologically relevant organic redox cofac-
tors such as hydroquinones, NADH or reduced flavines,
which have evolved in natural systems as efficient redox re-
lays for the prevention of free radical product formation
and undesired catalyst degradation processes.

Of course, this ideal situation for photoredox reactivity
gradually changes in the more delocalized MLCT cases oc-
curring in compounds such as 3, where the formal copper
oxidation states are less settled and coupling between the
copper center and the Ar-BIAN ligand might be dominant
also in the excited states due to the larger orbital interac-
tions. As a consequence, besides the differences in solva-
tochromic features also the structural changes following the
MLCT excitation should be less pronounced in this case.
Such drastic differences in excited state distortion are well-
known to strongly influence the luminescence properties
and photochemical reactivity of other copper 1,2-diimine
complexes.*?l A systematic study, which is certainly neces-
sary to further support all the basic concepts developed in
the present work is currently underway.

Conclusions

Pseudo-tetrahedral copper(I) complexes carrying bis-
(imino)acenaphthene ligands are versatile new photosensi-
tizers with rather low-lying metal-to-ligand charge transfer
(MLCT) states which are expected to be suitable for pho-
toredox processes. Their electronic properties can be sys-
tematically modified by different substituents at the diimine
acceptor subunit and by variations of the electron donating
properties and bite angles of the phosphane moiety. Espe-
cially, the delocalization between central metal and the li-
gands is quite sensitive to minor structural distortions at the
phosphane ligand site and thus can be exploited to dictate
excitation energies, solvatochromism, charge transfer reac-
tivity and the stability of the copper(I) oxidation state in
these complexes. The suitability of such systems for the ac-
cumulation of reduction equivalents and to act as a multi-
electron redox reagent for catalytic applications seems very
promising. Therefore, such copper-based systems may be-
come an attractive alternative to classical photosensitizers
such as ruthenium polypyridine complexes in the context
of typical applications such as dye-sensitized solar cells or
photocatalytic redox reactions.

Experimental Section

General Methods: All chemicals were purchased in reagent-grade
quality and directly used as received. Unless otherwise stated, com-
mercially available organic solvents of standard quality were puri-
fied and dried according to the accepted general procedures. Ele-
mental analyses were performed at the Centre for Chemical Analy-
sis of the Faculty of Natural Sciences of the University of Regens-
burg. Electronic absorption spectra were recorded with a Cary 300
Bio UV/Vis spectrophotometer using 1-cm quartz cells. NMR spec-
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tra were recorded with a Bruker Digital Avance NMR spectrometer
DPX200 ("H: NMR 200.1 MHz; '3C: 50.3 MHz; T = 303 K). The
chemical shifts are reported in ppm relative to external standards
(solvent residual peak), and coupling constants are given in Hertz.
The spectra were analysed as being first order. Error of reported
values: 0.01 ppm for '"H NMR, 0.1 ppm for '>*C NMR and 0.1 Hz
for coupling constants. The solvent used is reported for each spec-
trum. Mass spectra were recorded with a LCQ DECA XP Plus
(ESI). Infrared spectra were recorded with a FT-IR-Spectrometer
Paragon PC.

Computational Details: The Gaussian03 program was used in the
calculations.*! Initial coordinates were taken from the correspond-
ing X-ray crystal structure if available. All quantum-chemical cal-
culations were carried out using a density functional theory (DFT)
based method with the hybrid B3LYP!? functional. The 6-
31G(d,p) basis setl*3] was used through the calculations, whereas
for the complexed metal a LanL2DZ basis setl*¥ was applied. The
obtained geometries were verified to correspond to a real minimum
by establishing an absence of imaginary IR frequencies. The elec-
tronic transition energies and oscillator strengths were calculated
using the time-dependent density functional response theory (TD-
DFT)B3 at the B3LYP/6-31G(d’.,p’) level.l3] Single point energies
were calculated applying the B3LYP/6-31G(d,p) method. The pa-
rameters from the optimized geometry were held fixed while the
bond P-Cu-P angle 6 were changed from 95-135° in intervals of
s5e.

Synthesis: The preparation of all compounds described in this work
was carried out according to the following general procedure: stoi-
chiometrical amounts of [Cu(NCCH;)4]PF¢ and the phosphane li-
gand in 20 mL of dichloromethane were stirred at room tempera-
ture for 2h and then combined with a solution of the Ar-BIAN
ligand in 5mL of dichloromethane. This reaction mixture was
stirred for an additional hour. After this period, approximately
10 mL of n-pentane were added to fully precipitate the complex

formed. The product was washed with n-pentane, filtered and dried
in vacuo.

[(Ph-BIAN)(Ph;P),CulPF, (1): Reaction of [Cu(NCCHs),]PF
(100 mg, 0.27 mmol) with Ph-BIAN (1a, 89.29 mg, 0.27 mmol) and
PPhj; (2a, 140.74 mg, 0.54 mmol) yielded 208.68 mg (73%) as a red
powder. '"H NMR (200 MHz, CDCls): 6 = 8.19 (d, 3J = 8.54 Hz, 2
H, 0-H-An), 8.13 (d, 3J = 7.02 Hz, 2 H, p-H-An), 7.86 (dd, 3J =
7.88 Hz, 2 H, p-H-An), 7.62-7.34 (m, 40 H, Ph-H) ppm. 13C NMR
(50 MHz, CDCl5): 6 = 162.45 (+, N=C, 2 C), 146.43 (+, N-C, 2
C), 129.36-133.38 (-, aromatic, 4 C), 130.84 (+, 6 C), 125.23 (+, 4
C) ppm. MS (ESI, MeOH/CHCl3): m/z (%) = 658.28 (100) [M —
PPh;]*, 436.00 (24.33) [(Ph — BIAN)Cu + MeCN]*, 395.20 (1.91)
[(Ph — BIAN)Cu]*. CsoH4sCuFgN,P;3 (1065.5): caled. C 67.64, H
4.35, N 2.63; found C 68.76, H 4.48, N 2.30. UV/Vis (CH,Cl,): 4
(loge) = 255 sh (4.65), 319 (4.26), 332 sh (4.22), 461 nm (3.87). IR
(KBr): v = 3054 (m, =C-H), 1736 (s, C=0), 1652 (s, C=N-), 1440
(s, P-C), 1280 (s, C-N), 840 (ss, P-F) cm .

[(Tol-BIAN)(DPEPhos)Cu]PFg (2): Reaction of [Cu(NCCH;)4]PF¢
(100 mg, 0.27 mmol) with Tol-BIAN (1b, 97.25 mg, 0.27 mmol)
and DPEPhos (2b, 144.50 mg, 0.27 mmol) yielded 234.75 mg (79 %)
as a violet powder. '"H NMR (200 MHz, CDCl;): 6 = 8.29 (d, 3J =
8.54 Hz, 2 H, 0-H-An), 8.13 (d, 3J = 7.70 Hz, 2 H, p-H-An), 7.58
(dd, 3J = 7.68 Hz, 2 H, m-H-An), 6.74-7.65 (m, 34 H, Ph-H), 6.30
(d, 3J = 8.55Hz, 2 H, Ph-H), 2.40 (s, 6 H, Me) ppm. MS (ESI,
MeOH/CHCI,): m/z (%) = 962.28 (100) [M]*, 601.33 (53.98) [M —
(Tol-BIAN)]*, 642.53 (14.19) [Cu + DPEPhos + MeCN]*".
Co2Hy3CuFgN,OP; (1107.5): caled. C 67.24, H 4.37, N 2.53; found
C 66.93, H 4.56, N 2.22. UV/Vis (CH,CL,): 4 (loge) = 315 sh (4.61),
333 sh (4.46), 481 nm (4.08). IR (KBr): v = 3054 (m, =C-H), 1654
(s, C=N-), 1436 (s, P-C), 1280 (w, C-N), 842 (ss, P-F) cm .

[(MeO-Ph-BIAN)(dppe)Cu]PFg (3): Reaction of [Cu(NCCHj;)4]PF¢
(100 mg, 0.27 mmol) with MeO-Ph-BIAN (1¢, 105.3 mg,
0.27 mmol) and dppe (2¢, 106.9 mg, 0.27 mmol) yielded 211.83 mg

Table 3. Crystal data, data collection and structure refinement for compounds 1, 2, and 4.

1 2 4
Formula C60H46CUN2P2'PF6 C62H48CUN20P2‘PF6 C55H55CUN20P'C4H100'PF6
My [g/mol] 1065.50 1107.48 1073.62
Crystal size [mm] 0.28 X 0.24 X 0.20 0.220.18 X0.12 0.32x0.29 X0.11
Crystal system monoclinic monoclinic monoclinic
Space group P2y/n P2y/n P2y/c
a[A] 15.262(12) 14.395(10) 15.4477(1)
b [A] 17.002(16) 17.457(10) 18.3784(1)
¢ [A] 20.145(18) 21.240(2) 19.3020(1)
al] 90 90 90
L] 8.65(10) 94.68(9) 98.518(1)
7 [°] 90 90 90
V [A3] 5168.1(8) 5319.64(7) 5419.47(6)
Poer [Mg cm 3] 1.369 1.383 1.316
zZ 4 4 4
u [mm'] 0.579 1.982 1.662
T [K] 296(1) 123 123
O range [°] 2.57-26.94 3.28-62.24 2.89-62.21
A [A] 0.71073 1.54184 1.54184
Reflections collected 70487 25805 71918
Unique reflections 11172 [R(int) = 0.1468] 8146 [R(int) = 0.0273] 8517 [R(int) = 0.0398]
Observed reflections [I > 20()] 4427 6201 6579
Data/restraints/parameters 11172/0/649 8146/0/679 8517/0/659
Absorption correction analytical semi-empirical semi-empirical
Tnin.s Tinax. 0.9212, 0.7981 1.00000, 0.77370 1.00000, 0.59687
Gfin. (Max/min) [e A3 0.425/-0.252 0.707/-0.475 0.896/-0.394
R, [I=20(])] 0.0477 0.0369 0.0394
WR, 0.1060 0.1015 0.1165
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(79%) as a red powder. 'H NMR (200 MHz, CDCl5): 6 = 8.62 (d,
3J =8.02 Hz, 2 H, 0-H-An), 6.84-7.49 (m, 32 H, Ph-H), 3.93 (s, 6
H, Me), 2.39 (t, 3J = 5.32 Hz, 4 H) ppm. '3C NMR (50 MHz,
CDCly): 6 = 24.94 (+, dd, ?Jep = 18.95 Hz; 2 C), 55.30 (-, 2 C),
114.53 (-, 4 C), 131.87 (-, dd, J = 7.95 Hz, Ph), 131.41 (+, Ph),
130.75 (+, Ph), 130.46 (-, Ph), 128.69 (-, m, Ph), 127.82 (-, Ph),
124.08 (-, Ph), 158.42 (-, 2 C) ppm. C5,Hy4CuF¢N,O,P5 (999.39):
caled. 62.50, H 4.44, N 2.80; found C 61.97, H 4.09, N 2.68. UV/
Vis (CH,CL): 4 (loge) = 289 sh (4.52), 310 sh (4.47), 518 nm (3.83).
IR (KBr): ¥ = 3052 (m, =C-H), 1638 (s, C=N-), 1446 (s, P-C),
1295 (s, C-N), 1246 (s, C-0O), 839 (ss, P-F) cm™.

[(iPr,-Ph-BIAN)(PCHO)Cu]PF¢ (4): Reaction of [Cu(NCCHj;),]-
PFs (100 mg, 0.27 mmol) with Pr,-Ph-BIAN (1d, 134.3 mg,
0.27 mmol) and PCHO (2d, 140.7 mg, 0.54 mmol) yielded
168.95 mg (63 %) of a brown powder. '"H NMR (200 MHz, CDCl;):
0=9.67 (s, 1 H, CHO), 8.21 (d, 3J = 8.14 Hz, 2 H, 0-H-An), 7.93—
7.99 (m, 1 H), 7.77 (dd, 3J = 7.64 Hz, 1 H), 7.16-7.62 (m), 6.97 (m,
4 H), 6.86 (d, 3J = 7.17 Hz, 2 H), 3.07 (sept, >J = 6.68 Hz, Me,C-
H), 1.26 (br., 1 H, Me), 0.93 (br., 23 H, Me) ppm. CssHssCuF-
N,OP; (999.54): caled. C 66.09, H 5.55, N 2.80; found C 64.36, H
4.62, N 2.68. UV/Vis (CH,CL): 4 (loge) = 257 sh (4.79), 312 sh
(4.60), 323 (4.52), 340 sh (3.87), 405 sh nm (3.88). IR (KBr): v =
2959 (m, —-C-H), 1670 (s, C=0), 1641 (s, C=N-), 1435 (s, P-C),
1297 (s, C-N), 837 (ss, P-F) cm™.

Crystal Structures: Diffraction data for crystals of the compounds
1 and 8 were collected with a STOE-IPDS diffractometer?” with
graphite-monochromated Mo-K,, radiation (1 = 0.71073 A),
whereas crystal data of 2, 4, 6 and 7 were collected with an Oxford
Diffraction Gemini Ultra CCD diffractometer with multilayer op-
tics and Cu-K,, radiation (/. = 1.5418 A). Further crystallographic
and refinement data can be found in Table 3 and Table S1. The
structures were solved by direct methods (SIR-97)13%1 and refined
by full-matrix least-squares an F> (SHELXL-97).3*] The H atoms
were calculated geometrically and a riding model was applied dur-
ing the refinement process.

CCDC-756603 (for 1), -756606 (for 2) and -756601 (for 4), contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Further experimental details on synthesis, structures,
and quantum chemical calculations.
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Base-catalysed condensation of Ph,P-CsHs (1) with an ex-
cess of acetone leads to a fulvene-like diphenyl(4,4,6-tri-
methyl-4,5-dihydropentalen-2-yl)phosphane Ph,P-C;H;3 (3)
as a product of double condensation. Carbometallation of 3
with Meli, followed by aqueous work-up, results in forma-
tion of a new cyclopentadienylphosphane bearing a highly
sterically demanding, anellated 1,1,3,3-tetramethylcyclo-
pentane moiety (4, Ph,P-CpT™H). It reacts with chalcogene
oxidants (H,O,, Sg, Se) to form the corresponding phosphane
chalcogenides Ph,P(=X)Cp™H, X = O (5), S (6), Se (7) in
high yields. Quaternization of 4 with Mel gives the phospho-
nium salt 8 as a single isomer in high yield. Dehydrohaloge-
nation of 8 by reaction with nBuLi gives Cp™-phosphonium
ylide Ph,P(Cp™)Me (9). An alternative protocol towards 9
that includes deprotonation of 8 with benzylpotassium fol-
lowed by P-alkylation is superior and gives 9 in more than
95 % vyield. Staudinger reaction of 4 with tBuNj gives only

P-amino-cyclopentadienylidenephosphorane  Ph,P(Cp™)-
NHtBu (10), whereas with Me3SiN; only the tautomeric P-
imino-cyclopentadienylphosphane Ph,P(NSiMe;)Cp™H
(11) was isolated. Hydrolysis of 11 with wet MeCN leads to
the new parent P-amino-cyclopentadienylidenephosphorane
Ph,P-(Cp™)NH, (12). Treatment of 4 with benzylpotassium
followed by transmetallation with FeCl, leads to the steri-
cally most crowded ferrocenyl-bisphosphane [{Ph,P-
Cp™},Fe] (13, dppf™) in high vyield. Its X-ray diffraction
analysis reveals an anti-orientation of phosphane functionali-
ties at both cyclopentadienyl rings. However, upon reaction
of dppf™ with [PdCl,(MeCN),], a constrained syn-orienta-
tion is achieved in the product [{dppf™}PdCl,] (14). Halogen
exchange by reaction of 14 with Nal leads to the correspond-
ing [{dppf™}Pdl,] (15). Molecular structures of 4, 9, 13 and
15 have been confirmed by XRD studies.

Introduction

Cyclopentadienylphosphane ligands [R,P-{Cp}, {Cp} =
(non)-substituted Cp, Ind or Flu] are useful building blocks,
broadly applied in organometallic chemistry.'l As struc-
tural motive they can be found in very useful ligands such
as dppf [{Ph,P-CsH,},Fe] or CTC-Q-Phos [{PhsCs}Fe-
{CsH4P(tBu),}]. Most frequently R,P-{Cp} are represented
in the literature by phosphanes R,P-CsHs (R = Me, Ph),l”!
R,P-CsMe,H (R = Me,B! Phi#), (1Bu),P-CsHs,P! 3-indenyl-
(Ph,P-CoH,)!®! and 9-fluorenyl- (Ph,P-C;5Hy),l”! that with
exception of 9-fluorenyl derivatives, show fluxional behav-
iour in solutions and appear as mixtures of isomers.

Commonly R,P-{Cp} are synthesized by nucleophilic
substitution of R,P-X (X = Hal, OAlk) with anionic forms
of appropriate cyclopentadienes. Nevertheless, their further
derivatization is very scarcely described in the literature.”]

[a] Fachbereich Chemie, Philipps-Universitdt Marburg,
Hans-Meerwein-Str., 35032 Marburg, Germany
Tel: +49-6421-2825693
E-mail: jsu@staff.uni-marburg.de
[b] Chemical Diversity Research Institute,
Rabochaya 2a, Khimki, Moscow Region 141410, Russia
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For our systematic investigation of chelating organo-
phosphorus(V) ligands of the general type [R,P(X)Z] (X,
Z =S, NR’, CH,, CHR’, Cp, Ind, Flu; as for X = Z and
X # Z)B9 it was necessary to synthesize Ph,P-{Cp} phos-
phanes, bearing sterically demanding substituents, e.g. a
tert-butyl group, at the Cs ring. Besides simple metathesis
of tBuCp anion with Ph,PCl, such ligand motive may be
achieved by carbometallation with MeLi of corresponding
6,6-dimethylfulvene that is easily accessible by a condensa-
tion of acetone with {Cp}H using 5-10 mol-% of pyrroli-
dine, as a catalyst, in methanol. The reaction is highly
chemoselective and, as a rule, high yields of fulvenes are
reported.l'” However, even minor changes of the reaction
conditions were found to be highly crucial to its further
transformation. Here we report our discovery of a new,
highly crowded cyclopentadienylphosphane, Ph,P-Cp™H,
its reactivity and synthetic potential.

Results and Discussion

Synthesis and Molecular Structure of Ph,P-Cp™H
Condensation reaction of Ph,P-CsHs (1) with one
equivalent of acetone (MeOH, 10 mol-% pyrrolidine) leads

View this journal online at
wileyonlinelibrary.com
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to the selective formation of the expected fulvenylphos-
phane Ph,P-CgHy (2) (Scheme 1). The product precipitates
from the reaction mixture as a bright yellow, air-stable crys-
talline solid, 3'P NMR (C¢Dy): 6p = —16.8 ppm. Monitoring
of the reaction by 3'P NMR spectroscopy indicated forma-
tion of ca. 10% of an unidentified impurity (Jp =
—13.9 ppm). By working in acetone as solvent, formation of
2 was quantitative within minutes, however it was followed
by conversion of 2 into this new compound 3 within 4 h as
monitored by 3'P NMR spectroscopy. The structure and
composition of thus formed Ph,P-C,,H; (3) as annelated
phosphane (Scheme 1) have been confirmed by multinu-
clear and 2D NMR spectroscopic techniques, mass spectra
and elemental analysis.

N
conditions
R +
P pyrr (5 mol-%)
£ N * N P\
Ph™ Ph Ph Ph Ph” “Ph
1
2| 3
MeOH /1.1 equiv. Me,CO ca. 90% ca. 10%
Me,CO as solvent 0% quant.

Scheme 1.

Further carbometallation of 3 with MeLi in ether or hex-
ane as solvent followed by protonation of thus derived carb-
anion leads to a new annelated tetramethylpentalenyl-sub-
stituted phosphane (Ph,PCp™H) 4, that, compared to its
3-tBu-substituted analogue, is higher both by its steric im-
pact and symmetry (Scheme 2). However, if the reaction
with MeLi is performed in THF a deprotonation of the
exocyclic fulvene methyl group of 3 rather than a carbomet-
allation took place. Phosphane Ph,P-Cp™H (4) was puri-
fied by preparative flash chromatography under anaerobic
conditions. This pale yellow needle-like crystalline material
with a faint phosphane-like odour is fairly air-stable and
can be handled and stored under aerobic conditions with-
out decomposition for months. The solubility of 4 is very
high in common organic solvents, but becomes moderate in
those ones of the higher polarity (CH;CN, MeOH) as well
as in cold lower alkanes (pentane, hexane). The molecular
structure of 4 was confirmed by multinuclear NMR spec-
troscopy, mass spectrometry, elemental and XRD single
crystal structure analysis.

1. MeLi
Ph_ Et,0O / hexane Ph_
/P /P
Ph 2. H,0* Ph
3 4,91%

Scheme 2.

Crystals of the compound 4, suitable for X-ray diffrac-
tion analysis, were obtained by slow cooling of its hot con-
centrated ethanol solution. It crystallizes in the monoclinic
space group P2,/c¢ with four molecules per cell unit. In the
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structure the bridging H,C-group of the aliphatic ring is
disordered with occupancies of 0.49/0.51; only one confor-
mation is shown in Figure 1. As expected, the phosphorus
atom is threefold coordinated by two phenyl groups and a
Cp™H-moiety — all are twisted in a propeller-like arrange-
ment. The unsaturated Cp ring is essentially planar [A,. =
0.0002(2) A for C8]. The C4 and C6 atoms of the aliphatic
ring deviate only by values of 0.053 and 0.073(2) A from
the Cp™H-ring plane.

Figure 1. Molecular structure of compound 4. All hydrogen atoms,
except of those at the Cp-ring, have been omitted for clarity. Se-
lected bond lengths [A] and angles [°]: P1-C1 1.807(2), P1-C13
1.832(2), P1-C19 1.833(2), C1-C2 1.348(2), C2-C3 1.475(2), C3-
C7 1.334(2), C7-C8 1.487(2), CI-C8 1.517(2); C1-P1-CI3
103.1(1), C13-P1-C19 102.3(1), C19-P1-CI1 100.7(1), C1-C8-C7
102.7(1), C3-C2-C1-C8 0.2(2), C2-C3-C7-C8 0.2(2).

The average P-Cpy, bond length is of 1.832(3) A and falls
in the typical range of other phosphanes ArsP (1.82-
1.84 A).""l However, the P-Cl bond length is slightly
shorter [1.807(2) A]. The olefinic bonds lengths are alter-
nating and are shorter at C1-C2 and C3-C7 with 1.348(2)
and 1.334(2) A, respectively then other ones in the Cp ring
[C2-C3 1.475(2), C7-C8 1.487(2), C1-C8 1.517(2) A]. All
C-P-C angles [100.7(1), 102.3(1) and 103.1(1) A] lie in the
typical range reported for triarylphosphanes.'!! Although
several free indenyl- and fluorenylphosphanes are
known,!'?! to the best of our knowledge, 4 is the first free
diorgano-cyclopentadienylphosphane characterized by X-
ray crystallography.

Reactivity of Ph,P-Cp™H as Phosphane

The phosphane 4 is readily oxidized by H,O, (30% solu-
tion in water) in THF, elemental sulfur in toluene and red
selenium in CHCI; to form corresponding chalcogenido
phosphanes as air-stable, crystalline solids in high yields
(Scheme 3).
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Bh H,0,/ S,/ Se PR
P Ph—P
Ph U
4 -
X | Yield (%) | Colour
O (5) 89 colourless
S (6) 72 yellow
Se (7) 96 colourless
Scheme 3.

As expected and confirmed by NMR spectroscopy, only
one tautomeric form is observed for all these compounds.
Steric hindrance of the tetramethyltrimethylene backbone
prevents their dimerization by the Diels—Alder reaction typ-
ically found for the parent C5-unsubstituted derivatives
Ph,P(X)CsHs (X = O, S).1

Quaternization of 4 with an excess of Mel leads to the
expected phosphonium salt [Ph,P(Cp™H)Me]* 1= (8)
(Scheme 4) as an air-stable, non-hygroscopic solid, that ap-
pears as a single isomer (dp = 12.2 ppm). It is worth to
mention, that sterically less hindered Ph,P-Cp and Ph,P-
Ind upon reaction with Mel lead to the mixtures of allylic
and vinylic isomers; for the Cp-derivative, Diels—Alder type
dimerization products were also obtained.['3!4 Dehydroha-
logenation of the salt 8 with nBuLi leads to the formation
of cyclopentadienyliden-phosphorane Ph,P(Cp™)Me (9)
as a pale yellow, crystalline solid in 67% yield. A superior
protocol towards 9 includes deprotonation of 4 with BnK
followed by in situ quaternization of thus obtained anionic
derivative with an excess of Mel that chemoselectively leads
to P-alkylation and gives 9 in almost quantitative yield.

1) BnK, 0°C; 2) Mel, 0°C -
4 <
(yield: 95% ) phF

Me
9
Mel,2d  Ph @ 5 &/

Ph-F !
(yield: 81% ) Me (yield: 67% )

Scheme 4. Two alternative reaction sequences toward synthesis of
9.

Single crystals, suitable for X-ray diffraction analysis,
were obtained by storing of concentrated ether solution to
0 °C. Compound 9 crystallizes in the triclinic space group
P1 with two independent molecules in the unit cell. The
molecular structure of one of these molecules is drawn in
Figure 2.

The P1-Cl1 bond length in 9 is significantly shorter
[1.714(2) A] than in parent 4, this is in good agreement with
those in other cyclopentadienylidenephosphoranes.['>] An
alternating order of C—C bond lengths at the Cs ring was
observed: the short bonds are C2-C3 and C7-C8 [1.373(3)
and 1.385(3) A], whereas CI-C2, C3-C7 and CI1-C8,
respectively, are long [1.425(3), 1.404(3) and 1.441(3) A].

Earlier, we reported the Staudinger reactions of a series
of R,P—{Cp} with organic azides.[®! Successful formation of
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Figure 2. Molecular structure of Ph,P(Cp™)Me (9). All hydrogen
atoms have been omitted for clarity. Only one independent mole-
cule is drawn. Selected bond lengths [A] and angles [?]: P1-Cl1
1.714(2), P1-C13 1.803(2), P1-C19 1.802(3), P1-C25 1.795(3), C1-
C2 1.425(3), C2-C3 1.373(3), C3-C7 1.404(3), C7-C8 1.385(3), C1-
C8 1.441(3), CI-P1-C13 107.37(12), C13-P1-C19 106.62(11),
CI9-P-CI1, 113.98(13), C1-P1-C25 113.72(13), C13-P1-C25
109.15(13), C19-P1-C25 105.74(13).

the CpPN derivatives has been confirmed also for the enti-
tled ligand 4 (Scheme 5). Thus reaction of 4 with rBuNj
proceeds at ambient temperature yielding a yellow, micro-
crystalline solid as the single P-amino-cyclopentadienyl-
idenephosphorane tautomer Ph,P(Cp™)NH(zBu) (10).
The position of the NH-proton at 6 = 2.04 ppm in 10 was
also established by the HMQC spectroscopy. The 3'P NMR
resonance of 10 (6 =17.1 ppm) appears essentially at the
same Jp as those ones of CpPN-ligands R,P(CsMe,)NHAd
(R = Me: 17.6 ppm,'® and R = Ph: 17.8 ppm!'®)). The reac-
tion of 4 with the less reactive Me;SiN; was found to be
extremely slow and gave the desired product only if Mes-
SiN; was used as a solvent at the reflux temperature (5 d,
ca. 100 °C). The 3'P NMR monitoring the reaction mixture
after 14 h of heating reveals absence of both starting mate-
rial 4 and its Staudinger phosphazide adduct (0 = -27 ppm)
and two new resonances at ca. —5 (major) and 23 ppm
(minor). The major signal appears in the characteristic P-
iminophosphane region and belongs to the target 11,
whereas the minor signal is attributed to its tautomeric P-
aminophosphorane form similar to 10.1 11, the better solu-
ble tautomer was extracted from the reaction mixture into
hexane. It comprises a highly air-sensitive, crystalline solid,
that easily hydrolyzes, when in solution: first, by water
traces with release of (MesSi),O to P-amino-cyclopen-
tadienylidenephosphorane 12, and further by excess of
water with release of free Cp™H and precipitation of a
colorless, crystalline solid, identified as diphenylphosphinic

tert-BuN Me,SiN
® 391N, Ph, &

Ph
PR N, -N, Ph R
fertBd 10.41% mes’ ~ 11.52%
xsHO  Ph 05H0 |
Ph,P(O)NH, /IT/
-Cp™H NH, - 0.5 (Me,Si),0
12
Scheme 5. Reactions of 4 with organic azides.
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acid amide Ph,P(O)NH, [0p(THF) = 25.0 ppm, m.p. 161-
162 °CJ.lI"7

Further studies of thus obtained organophosphorus(V)
derivatives 5-12 of the title phopsphane Ph,P-Cp™H (4)
as chelating ligands in organometallic chemistry are the fo-
cus of our current investigations.

Reactivity of Ph,P-Cp™H as Bifunctional Ligand

We have studied a possibility to use 4 as a bifunctional
ligand in the synthesis of a bis-phosphanyl-substituted fer-
rocene and its further use as chelating, electron-rich and
sterically demanding ligand towards PdCl..

Direct transmetallation of lithiated 4 by ferrous chloride
[FeCly(THF),] gave the desired ferrocene 13 in 28 % isolated
yield (Scheme 6). A possible explanation for such a poor
yield might be a partial deprotonation of Ph,P-Cp™H due
to its low kinetic CH-acidity compared to unsubstituted
Ph,P-CsH; (1) or the low nucleophilicity of the lithium salt.
Benzylpotassium [PhCH,K] is known as superior deproton-
ating reagent and its use instead of nBuLi gave rise to 13 in
839% isolated yield as a bright-orange, air-stable, non-vola-
tile solid. Being analogous to the prominent chelate ligand
[{Ph,P-CsH,},Fe] (dppf),['81 we call this derivative 13
dppf™.

nBuLi Ph,p
7N @ 0.5 FeCl, Fe
4 m® PPh
S P TR :
Ph” Ph
BnK
M = Li Yield of 13: 28%
K 83%

Scheme 6. Yield dependence of 13 on deprotonation agent.

The 3'P NMR spectroscopy reveals a single up-field
shifted resonance at —15.8 ppm. In the 'H NMR spectrum,
the geminal protons of the CH,-group and the methyl
groups are, as expected, diastereotopic. The high conforma-
tional rigidity in solution is presented in the '*C NMR
spectroscopy — the resonances to ortho- and ipso-Ph car-
bons, observed at 6 = 134.6 and 141.2 ppm, resp., show
pseudo-triplet pattern (>Jcp + ®Jep| = 10.5Hz, |'Jep +
SJep/| = 6.8 Hz, resp.). This coupling pattern is in contrast
to those reported for the unsubstituted ferrocene (dppf),!°)
which shows for these resonances solely two doublets.

Orange crystals of 13, suitable for X-ray structure deter-
mination, were grown by slow cooling of its concentrated
alcohol solution. The molecular structure of ferrocene with
ellipsoids of 50% of probability is presented in Figure 3.

Complex 13 crystallizes in the triclinic space group Pl
with one molecule in the unit cell. The iron atom lies on the
crystallographic inversion center, the molecule as a whole is
centrosymmetric. The molecule has a strictly anti-confor-
mation of substituents at both C5-rings. The distance be-
tween the iron atom and centroid (Z) of the C5-ring
4160
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Figure 3. The molecular structure of [(Cp"™PPh,),Fe] (13). Hydro-
gen atoms have been omitted for clarity (Z = centroid of C5-ring).
Selected bond lengths [A] and angles [°]: P1-C1 1.832(1), P1-C13
1.833(1), P1-C19 1.853(1), C1-C2 1.441(1), C2-C3 1.406(1), C3—
C7 1.400(1), C7-C8 1.427(1), C8-C1 1.437(1), Z-+Fel 1.682(1),
Fel-C1 2.084(1), C1-P1-C13 101.2(2), C13-P1-C19 99.7(2), C19—
P1-C1 100.1(1), C8-CI1-P1-C19 46.6(1), C2-C1-P1-C13 24.5(1),
P1-Z-Z'-P1' 180.00(2).

[1.682(1) A] is slightly longer than those in [(CsH4PPh,),Fe]
[1.646(5) A2 [(Me,CsPPh,),Fe] [1.653(1) A].2"1 Bond
lengths and angles involving the phosphorus atoms com-
pare well with the values in triphenylphosphane,
[(CsH4PPh,),Fe] and 4 (vide supra). All Fel-Ccs distances
lie in a narrow range varying from 2.064(1)-2.088(1) A.

Reaction of 13 with [PdCl,(CH3;CN),] gives an light pur-
ple microcrystalline solid of composition [(dppf™)PdCl,]
(14) in 66% yield. Further halogen exchange was achieved
by reaction of 14 with an excess of Nal in MeOH
(Scheme 7). Thus, [(dppf™)PdI,] (15) was isolated as a
deep purple microcrystalline solid in 87% yield, higher than
in the analogous synthesis of the [(dppp)Pdl,] reported re-
cently.[*?! Identification of both compounds was completed
by microanalysis and multinuclear NMR spectroscopy.

dpprM

PdCl,(CH,CN), (dppf ™)PdCl, (dppf™)Pdl,

MeOH

14, 66% 15, 87%

Scheme 7.

NMR spectra of 14 and 15 are rather similar and spec-
troscopic characteristics will be discussed for 14 as repre-
sentative. In its 'H NMR spectrum four resonances for
methyl groups were observed whereas two diastereotopic
methyl groups are observed in dppf™. Moreover, the pro-
tons at the Cs ring appear as two resonances at 3.64 (s) and
4.11 (d, 3Jyp = 2.5 Hz) ppm. In the '3C NMR spectrum two
diastereotopic para- and ipso-Ph carbon resonances were
observed. These findings confirm the molecular rigidity in
solution and a helical structure with low degree or absence
of A-/A interconversion.

Single crystals of palladium complex 15, suitable for X-
ray diffraction analysis, were obtained by a slow evapora-
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tion of its chloroform solution. The compound crystallizes
in the orthorhombic space group Pca2; with four molecules
per unit cell (Figure 4).

Figure 4. The molecular structure of [(dppf™)PdI,] (15). All H-
atoms have been omitted for clarity (Z = centroid of C5-ring). Se-
lected bond lengths [A] and angles [°]: Pd1-11 2.639(2), Pd1-12
2.652(2), Pd1-P1 2.293(1), Pd1-P2 2.298(1), P1-C1 1.808(2), P2—
C13 1.801(2), Fe-Z 1.683(1), Fe-Z1 1.675(1), 11-Pd1-12 90.2(1),
P1-Pd1-I1 86.3(1), P2-Pd1-12 86.3(1), P1-Pd1-P2 99.3(1), Z—
Pd1-Z1 172.0(1).

The palladium atom has a distorted square-planar geom-
etry. The similar distortion was reported for complexes
[(dpphHPdL,] (Hal = Br, I).1?3!

The P1-Pd1-P2 bite angle is of 99.3(1)° and comparable
with those of in series [(dppf)PdHal,] (Hal = CI — I: 98.9—
99.9°). The 11-Pd1-12 angle is of 90.2(1)° and slightly larger
than those in dppf complexes (Hal = Cl — I. 87.2—
87.8°).122.241 The most interesting feature is the dramatic dis-
tortion of both Cs rings in the molecule. The Z-Fe-Z1 an-
gle of 172.0(1)° is the lowest value in the whole series of the
[(dppf)PdHal,] [Hal = CL: 179.5(1)°, Br 177.8(1), L
178.3(1)°].122231

Conclusions

Simple pyrrolidine catalyzed condensation of the known
phosphane Ph,P-CsH; (1) with acetone leads to the forma-
tion of two different condensation products: either with
1 equiv. of acetone to yield diphenyl(6,6-dimethylfulven-2-
yl)phosphane (2) or with two equiv. of acetone when re-
acted in acetone as a solvent to yield diphenyl(4,4,6-tri-
methyl-4,5-dihydropentalen-2-yl)-phosphane (3). Subse-
quent carbometallation of 3 with MeLi resulted in the first
air-stable, sterically highly crowded tetramethypentalenyl-
phosphane 4. This cyclopentadienylphosphane (Ph,P-
Cp™H) appeared to be thermodynamically stable with re-
spect to its dimerisation and it is the first compound of this
class that has been crystallographically characterized. The
oxidation reactions of Ph,P-Cp™H with H,0,, Sg and Se
yield exclusively the corresponding chalcogenides Ph,P-
(X)Cp™H, X = O (5), X =S (6), X = Se (7). Quaterni-
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zation of 4 with Mel proceeds smoothly to [Ph,P(Cp™H)-
Me]* I (8), its dehydrohalogenation by reaction with nBuLi
gives P-methyl-cyclopentadienylidenephosphorane Ph,P-
(Cp™)Me (9). An alternative protocol towards 9, the de-
protonation of 8 with benzyl potassium followed by P-alk-
ylation is superior and gives 9 in more than 95% yield. The
NMR spectroscopy of the phosphane 4, its chalcogenides
5-7 as well as the phosphonium salt 8 shows the presence
of a single vinylic isomer in all cases. Compounds 4 and
9 have been structurally characterized by X-ray diffraction
analyses.

The Staudinger reaction of 4 with /BuNj; gives tautomer
Ph,P(Cp™)NH¢Bu (10) that exists exclusively in P-amino-
cyclopentadienylidenephosphorane form, whereas with
Me;SiN; the major tautomer has the form of P-imino-cy-
clopentadienylphosphane Ph,P(NSiMe3;)Cp™H (11). Hy-
drolysis of 11 with wet MeCN leads after tautomerization
to the novel P-amino-cyclopentadienylidenephosphorane
Ph,P(Cp™)NH, (12).

Finally, ferrocene [(n’-Cp™PPh,),Fe] (13) was synthe-
sized by metallation of Ph,P-Cp™H with [PhCH,K] and
transmetallation with FeCl,. In analogy to its known prede-
cessor dppf it is named dppf™. Despite of its extreme steric
bulk and stereochemical rigidity, ferrocene 13 has been ap-
plied as a bidentate phosphane ligand for the synthesis of
palladium complexes [(dppfT™)PdCl,] (14) and [(dppf™)-
PdI,] (15). Both 13 and 15 have also been characterized by
X-ray diffraction analysis. The reported high-yield chemical
transformation from cheap starting materials as well as
proof of ligand properties will stimulate further develop-
ment with respect to introducing other substituents at the
phosphorus atom or via carbometallation at the reactive
fulvene functionality.

Experimental Section

General Considerations: All manipulations were performed under
purified argon or nitrogen using standard high vacuum or Schlenk
or glovebox techniques. Solvent grade acetone, acetonitrile and
MeOH were used without purification. Hexane and THF were dis-
tilled under argon employing standard drying agents.>>! Ph,P-CsHs
(1) and anhydrous metal salts FeCl,,[??! [PACl,(MeCN),]?”! were
prepared according to the literature procedures. Ph,PCl (95%,
techn.) was used as supplied from Acros. NMR spectra were re-
corded at +25 °C on a Bruker ARX200 and Bruker AMX300. Ele-
mental analyses were performed at the Analytical Laboratory of
the Chemistry Department/Philipps-University of Marburg. EI
mass spectra were obtained on a Varian MAT CH7A (70 eV), ESI
mass spectra on a FINNIGAN TSQ 700 spectrometer. Melting
points were determined with a Biichi melting point B-540 appara-
tus.

Fulvenylphosphane 2 (Ph,P-CgHy): To a stirred solution of phos-
phane 1 (745mg, 2.98 mmol) in methanol (10 mL), acetone
(0.24 mL, 3.72 mmol, 1.1equiv.) and pyrrolidine (0.1 mL, ca.
1.3 mmol, ca. 5 mol-%) were added at ambient temperature. The
reaction mixture progressively turns deep yellow. The solution was
stirred for 4 h whereupon a bright yellow, microcrystalline solid
forms. It was filtered oftf and dried in vacuo for 4 h; yield 59%
(510 mg); m.p. 83.0-83.5°C. '"H NMR (300.1 MHz, C4¢Ds, 25 °C):
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0 =159, 1.67 (2X s, 2X 3H, 2X Me), 6.52 (m, 1 H, CH), 6.56
(m, 1 H, CH), 6.71 (m, | H, CH), 7.07 (m, 6 H, Ph), 7.55-7.64 (m,
4 H, 0-Ph) ppm. *C{'H} NMR (75.5 MHz, C¢Dy, 25 °C): 6 = 22.6
(s, Me), 122.4 (d, Jcp = 4.1 Hz, Ccs), 128.7 (d, 3Jcp = 7.0 Hz, m-
Ph), 128.7 (s, p-Ph), 129.0 (d, Jcp = 22 Hz, P-C¢s), 133.6 (d, Jcp
= 12.8 Hz, ipso-Ph), 134.0 (d, 2Jpc = 19.4 Hz, 0-Ph), 138.5 (d, 'Jcp
= 11.1 Hz, Ccs), 140.9 (d, Jpc = 10.3 Hz, Ccs), 143.8, 149.6 (2 X
d, Jep = 78, Jcp = 2.5Hz, C=CMe,) ppm. *'P{'"H} NMR
(81.0 MHz, C¢Dy, 25°C): 0 = —16.8 ppm. EI-MS: m/z (%) = 290
(100) [M™], 275 (1) [M* — Me], 213 (1) [M* — Ph]. CyoH P (290.35):
caled. C 82.73, H 6.60; found C 82.91, H 6.63.

Fulvenylphosphane 3 (Ph,P-C,{H,3): To a stirred solution of phos-
phane 1 (6.20g, 24.8 mmol) in acetone (40 mL), pyrrolidine
(0.5 mL, 6.4 mmol, 25 mol-%) was added at ambient temperature.
The reaction mixture turns gradually deep orange. The proceeding
of the reaction was monitored by 3'P{'H} NMR spectroscopy of
the reaction mixture sample. After the reaction completed (ca. 4 h),
all volatiles were removed in vacuo and resulting orange, viscous
oil was dried for 4 h at 60 °C under high vacuum. The obtained
crude product was crystallized twice from hexane (2 X20 mL) at
30 °C to give a bright yellow, microcrystalline solid in 44% yield
(4.0 g); m.p. 93-94 °C. '"H NMR (300.1 MHz, C¢Dg, 25°C): § =
1.12 (s, 6 H, Me;C), 1.59 (q, *Jyu = 1.2 Hz, 3 H, MeC=C), 2.44
(s, 2H, CH,), 597 (s, 1 H, CH), 6.27 (dd, 3Jyp = 3.0, Uy =
1.2 Hz, 1 H, CH), 7.09 (m, 6 H, m-/p-Ph), 7.65 (m, 4 H, 0-Ph) ppm.
BC{'H} NMR (75.5 MHz, C4Dg, 25°C): § = 16.4 (s, MeC=C),
29.2 (s, Me5C), 37.7 (Me,C), 61.3 (s, CH,), 115.7 (d, 2Jcp =
17.6 Hz, HO), 117.3 (d, 2Jcp = 17.1 Hz, HC), 128.6 (s, Ph), 128.7
(s, Ph), 134.3 (d, 2Jcp = 19.8 Hz, 0-Ph), 138.4 (d, 'Jcp = 11.3 Hz,
ipso-Ph), 148.7 (d, Jcp = 8.1 Hz, Flv), 151.3 (d, Jcp = 13.6 Hz,
Flv), 153.2 (d, Jcp = 3.0 Hz, Flv), 161.6 (d, Jcp = 5.8 Hz, Flv)
ppm. 3'P{'H} NMR (81.0 MHz, C4Dg, 25 °C): 6 = ~13.9 ppm. EI-
MS: m/z (%) = 331 (22.5) [M* + H], 330 (100) [M*], 315 (18.6)
[M* — CHs], 253 (8.3) [M* — Ph]. C»3H,3P (330.41): caled. C 83.61,
H 7.02; found C 83.31, H 6.64.

Phosphane 4 (Ph,P-Cp™H): To a solution of fulvenylphosphane 3
(5.28 g, 16.0 mmol) in diethyl ether (50 mL), MeLi solution (1.6 M
in ether, 15 mL, 24 mmol) was added at 0 °C during 15 min fol-
lowed by stirring at ambient temperature for 1 h. The reaction mix-
ture was quenched with methanol (3.5 mL). The clear, supernatant
solution was decanted from the sticky residue and all volatiles were
removed in vacuo. The residue was extracted into hexane (100 mL)
and the solution was filtered through a Celite® pad. Cooling the
solution to —80 °C overnight gives a pale yellow, crystalline mate-
rial, which was isolated by low temperature filtration and dried in
vacuo for 1 h. A pale yellow, crystalline solid was obtained in yield
of 91% (5.04 g); m.p. 108-109 °C. An almost colorless sample was
obtained by crystallization from SiMe, at —30 °C; m.p. 109.0-
109.3 °C. '"H NMR (300.1 MHz, C4Dg, 25°C): § = 1.02 (s, 6 H,
Me,C), 1.11 (s, 6 H, Me,C), 1.94 [s, 2 H, CH,(CMe»),], 2.89 (t,
4Jun = 1.5 Hz, 1 H, H,Ccs), 7.76 (dt, 3Jyyp = 5.4, “Jyyy = 1.5 Hz,
1H, HC¢s), 7.05 (m, 6 H, m-/p-Ph), 7.53 (m, 4 H, o-Ph) ppm.
IBC{'H} NMR (75.5 MHz, C¢Dq, 25 °C): § = 30.0, 30.4 (2 X s, 2 X
CMe,) 37.6 (d, 2Jcp = 9.8 Hz, HyCcs), 40.2, 41.8 (2X s, 2X
CMe,), 61.6 [s, CH,(CMe,),], 128.6, 128.7 (2 X s, m-/p-Ph), 133.7
(d, Yep =19.7 Hz, ipso-Ph), 139.0 (d, 2Jcp = 24.1 Hz, 0-Ph), 139.4
(d, Jep = 10.9 Hz, Ccs), 145.8 (d, Jcp = 14.8 Hz, Ccs), 155.8 (d,
Jep=8.2Hz, Ccs), 160.6 (s, Ccs) ppm. 3'P{'H} NMR (81.0 MHz,
CgDg, 25°C): 0 = —14.5 ppm. EI-MS: m/z (%) = 347 (1.4) [M* +
H], 346 (34.5) [M*], 331 (100) [M" — Me], 269 (1) [M* — Ph].
C,4H,,P (346.45): caled. C 83.21, H 7.86; found C 83.38, H 7.79.

Phosphane Oxide 5 [Ph,P(O)Cp™H]: To a stirred solution of
phosphane 4 (490 mg, 1.42 mmol) in THF (10 mL), aq. H»O,
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(ca. 30%, ca. 1.6 mmol) was added in one portion at ambient tem-
perature. An exothermic reaction takes place. The stirring was con-
tinued for 0.5 h after that the volatiles were completely removed in
high vacuum. The traces of water were removed by azeotropic dry-
ing with toluene (50 mL). The solid residue was washed with cold
hexane (2X5mL), crystallized from hot heptane and dried in
vacuo; yield 71% (365 mg) of a colorless, microcrystalline solid;
m.p. 162.9-163.3 °C. '"H NMR (300.1 MHz, C¢Dg, 25 °C): 6 = 0.97,
1.02 (2X s, 2X 6 H, 2X Me,C), 1.90 [s, 2 H, CH,(CMe,),], 3.10
(s, 2H, H,Ccs), 6.95 (d, 3Jcp = 8.7Hz, 1 H, HCcs), 7.05 (m, 6 H,
m-lp-Ph), 7.89 (m, 4 H, 0-Ph) ppm. '3C{'H} NMR (75.5 MHz,
C¢Dg, 25°C): 0 = 29.8, 30.1 (2X s, 2X Me,C), 36.8 (d, 2Jcp =
12.6 Hz, H,C¢s), 40.1, 41.8 2X s, 2X Me,C), 61.4 [s, CH»-
(CMe,),], 128.5, 128.7 (2X s, m-Ip-Ph), 131.1 (d, Jcp = 2.7 Hz,
Ccs), 132.2 (d, J = 10.9 Hz, o-Ph), 141.6 (d, J = 9.8 Hz, HCs),
155.0 (d, 3Jcp = 14.8 Hz, CcsCMe,), 164.2 (s, Ccs, CcsCMe,) ppm.
SIP{TH} NMR (81.0 MHz, C4Dg, 25 °C): 6 = +18.1 ppm. EI-MS:
mlz (%) = 362 (19) [M™*], 347 (87) [M* — Me]. C,4H,;,0P (362.4):
caled. C 79.53, H 7.51; found C 79.78, H 6.98.

Phosphane Sulfide 6 [Ph,P(S)Cp™H]: Sulfur powder (340 mg,
1.33 mmol, 1 equiv.) was added to a stirred solution of phosphane
4 (460 mg, 1.33 mmol) in toluene (12 mL) at ambient temperature.
A slightly exothermic reaction with dissolution of sulfur was ob-
served. The reaction mixture was stirred for additional 2 h. The
solvent was removed in vacuo and the solid residue obtained was
triturated with hexane. The formed precipitate was filtered off and
washed with small amount of hexane. Yield 72% (360 mg) of yel-
low powder with the melting point of 133-134 °C. The sample of
analytical purity was obtained by crystallization from hot heptane
solution: yellow, crystalline solid; m.p. 134.4-134.7 °C. '"H NMR
(300.1 MHz, C¢Dg, 25°C): 6 = 0.96, 1.00 (2X s, 2X 6 H, Me,C),
1.87 [s, 2 H, CH)(CMe,),], 3.20 (s, 2 H, H,Ccs), 6.94 (d, 3Jcp =
9.5Hz, 1 H, HCcs), 7.01 (m, 6 H, m-/p-Ph), 7.97 (m, 4 H, o-Ph)
ppm. C{'H} NMR (75.5 MHz, C¢Dg): 6 = 29.8, 30.1 2X s, 2X
Me,C), 36.8 (d, 2Jcp = 12.6 Hz, H,Cs), 40.1, 41.8 2X s, 2X
Me,C), 61.4 [s, CHy(CMe,),], 128.5 (m, m-/p-Ph), 131.1 (d, Jcp =
2.7Hz, Ccs), 132.2 (d, J = 10.9 Hz, o-Ph), 141.6 (d, J = 9.8 Hz,
HCcs), 155.0 (d, 3Jcp = 14.8 Hz, CcsCMe,), 164.2 (s, CcsCMey)
ppm. 3'P{'H} NMR (81.0 MHz, C¢Ds, 25 °C): 6 = +31.4 ppm. EI-
MS: mlz (%) = 378 (55) [M*], 363 (65) [M* — Me]. CyH,,PS
(378.5): caled. C 76.16, H 7.19; found C 76.46, H 7.13.

Phosphane Selenide 7 [Ph,P(Se)Cp"™H]: Red selenium powder
(119 mg, 1.55 mol, 1.07 equiv.) was added to a solution of phos-
phane 4 (498 mg, 1.44 mmol) in chloroform (5 mL). The heterog-
enic reaction mixture was heated under reflux for 5h. The excess
of red selenium was removed by filtration through a Celite® pad.
Removal of the solvent from the filtrate gives a brown, foamy solid;
yield 96 % (588 mg) of brown solid. The sample of analytical purity
with the melting point of 143-144 °C was obtained by slow
crystallization from hot heptane. Colorless, crystalline solid; m.p.
147.7-148.0 °C. "TH NMR (300.1 MHz, C¢Ds, 25 °C): 6 = 0.95, 1.00
(2Xs,2X 6 H,2X Me,C), 1.86 [s, 2 H, CH,(CMe»),], 3.25 (s, 2 H,
H,Ccs), 6.94 (d, 3Jcp = 9.8 Hz, 1 H, HCcs), 6.99 (m, 6 H, m-/p-
Ph), 7.97 (m, 4 H, 0-Ph) ppm. BC{'H} NMR (75.5 MHz, CDCl;,
25°C): 0 = 30.0, 30.5 (2X s, 2X Me,C), 36.8 (d, 2Jcp = 12.7 Hz,
H,Ccs), 40.2, 42.1 (2X s, 2 X Me,C), 61.3 [s, CHy(CMe,),], 128.6
(d, 3Jcp = 12.1 Hz, m-Ph), 131.5 (d, *Jcp = 3.3 Hz, p-Ph), 1324
(d, 2Jep = 11.0 Hz, 0-Ph), 132.5 (d, 'Jcp = 78 Hz, ipso-Ph), 138.3
(d, "Jep = 83 Hz, P-Ccs), 143.2 (d, 2Jcp = 9.9 Hz, HCcs), 154.9
(d, 3Jcp = 15.4 Hz, CcsCMe»), 165.0 (d, 3Jcp = 7.2 Hz, CcsCMe,)
ppm. 3'P{'H} NMR (81.0 MHz, C¢Dg, 25°C): 6 = 22.3 ("Jpg. =
710 Hz) ppm. 7’Se{'"H} NMR (76 MHz, C¢Ds, 25 °C): § = -260.8
(d, Usep = 741 Hz) ppm. EI-MS: m/z (%): 426 (32.8) [M*], 265
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(84.5) [M* — Cp™]. C,4H,;PSe (425.41): caled. C 67.76, H 6.40;
found C 68.06, H 6.87.

Phosphonium Salt 8 [Ph,P(Cp™H)Me|*I: To a solution of phos-
phane 4 (350 mg, 1.00 mmol) in CH,Cl, (5 mL), Mel (0.15 mL, ca.
2.4 mmol) was added and resulting solution was stirred for 48 h.
Progress of the reaction was monitored by 3'P{'H} NMR spec-
troscopy. After that all volatiles were removed in vacuo, ether
(10 mL) was added. Vigorous stirring results in formation of a pale
yellow, powdery solid that was filtered off and dried in high vac-
uum; yield 81% (395 mg); m.p. 195-200 °C 'H NMR (200.1 MHz,
CDCl3, 25°C): 6 = 1.23, 1.26 (2X s, 2X 6 H, 2 X Me,C), 2.12 [s,
2 H, H,C(CMe,),], 3.00 (d, 2Jyp = 13.5Hz, MeP), 3.32 (br. d,
Jun = 2.0Hz, 2 H, H,Ccs), 7.29 (dt, 3Jyp = 9.6, *Jy . = 2.0 Hz,
1 H, HCcs), 7.69-7.83 (m, 10H, Ph) ppm. *C{'H} NMR
(50.1 MHz, CDCl;, 25 °C): 6 = 12.2 (d, 2Jcp = 58 Hz, Me,P), 29.9,
30.3 (2X s, 2X Me,C), 38.0 (d, 2Jcp = 13 Hz, H>Ccs), 40.2, 42.5
(2X s, 2X Me,O), 61.1 [s, H,C(CMe,),], 120.5 (d, 'Jcp = 91 Hz,
ipso-Ph), 122.2 (d, 'Jcp = 96 Hz, P-Ccs), 130.5 (d, 3Jcp = 12.7 Hz,
m-Ph), 132.8 (d, 2Jcp = 10.5 Hz, 0-Ph), 134.9 (d, *Jcp = 2.8 Hz,
p-Ph), 151.5 (d, 2Jcp = 10.7 Hz, HCcs), 156.3 (d, 3Jcp = 16.5 Hz,
P-C=CH-CcsCMe,), 171.0 (d, 3Jcp = 7.3 Hz, CH,-CcsCMey)
ppm. 3'P{'H} NMR (81.0 MHz, CDCl;, 25 °C): § = +12.2 ppm.
ESI-MS: m/z (%) = 361 [Ph,P(Cp™H)Me]". C,sH;0IP (488.39):
caled. C 61.48, H 6.19; found C 61.31, H 6.35.

Methylenephosphorane 9 [Ph,P(Cp™)Me]. a) By Deprotonation of
8: To a suspension of phosphonium salt 8 (320 mg, 0.66 mmol) in
THF (20 mL), nBuLi (1.6 M, 0.4 mL, 0.64 mmol) was added at
0 °C. The reaction mixture was stirred at same temperature for 1 h
and for further 14 h at ambient temperature. The pale yellow sus-
pension formed was filtered thought a Celite® pad and the filtrate
was concentrated in high vacuum to yield a waxy residue. Crystalli-
zation from ether gives a pale yellow microcrystalline solid; yield
67% (155 mg).

b) By Successive Reactions with [BnK] and Mel: To a solution of 4
(1.04 g, 3.00 mmol) in 20 mL of THE, solution of [BnK] (400 mg,
3.08 mmol) in THF (5 mL) was added drop-by-drop at 0 °C. After
addition was completed the orange reaction mixture was stirred for
15 min and Mel (0.3 mL, 1.6 equiv.) was added within 5 min at
room temp. After an exothermic reaction ceased, the pale yellow
suspension was filtered thought a Celite® pad, washed with THF
(5mL) and the filtrate was completely evaporated under vacuum
yielding a yellow viscous oil. Addition of ether (20 mL) results in
crystallization with deposition of a pale yellow, microcrystalline so-
lid. An additional crop of product can be obtained by storing the
mother liquor at —30 °C; yield 95% (1.02 g); m.p. 203-204 °C. 'H
NMR (300.1 MHz, C¢Dg, 25°C): d = 1.56 (d, 2Jeu = 13.0 Hz,
3H, MeP), 1.72 (s, 12H, 2X Me,C), [d, ®Jcyy = 0.6 Hz, 2 H,
CH,(CMe,),), 6.02 (d, 3Jcyr = 3.6 Hz, 2 H, HCcs), 6.86 (m, 4 H,
m-Ph), 6.96 (m, 2 H, p-Ph), 7.24-7.31 (m, 4 H, o-Ph) ppm. *C{'H}
NMR (50.1 MHz, C¢Dg 25 °C): § = 12.2 (d, 'Jcp = 62 Hz, MeP),
333 (s, 2X MeyC), 39.6 (d, “Jcp = 1.7Hz, Me,C) 64.9 [s,
CH,(CMey),], 78.6 (d, 'Jep = 108 Hz, P-Ccs), 103.5 (d, 2Jcp =
16.5 Hz, HCcs), 128.6 (d, 3Jcp = 12.1 Hz, m-Ph), 129.5 (d, 'Jcp =
86 Hz, ipso-Ph), 131.8 (d, *Jcp = 2.8 Hz, p-Ph), 132.5 (d, 2Jcp =
10.5 Hz, 0-Ph), 145.7 (d, 3Jcp = 18.2 Hz, Me,CCcs) ppm. 'P{'H}
NMR (81.0 MHz, C¢Dg, 25 °C): 6 = +4.2 ppm. ESI-MS: m/z (%)
=361 [M* + H]. C,5sHyoP (360.48): caled. C 83.30, H 7.98; found
C82.97, H8.21.

P-Aminophosphorane 10 [Ph,P(Cp™)NHtBu]: To a solution of
phosphane 4 (360 mg, 1.04 mmol) in THF (10 mL), 7BulNj;
(500 mg, 5.0 mmol, 5.0 equiv.) was added at ambient temperature.
The reaction mixture was stirred for 5h. The proceeding of the
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reaction was monitored by 3'P{'H} NMR spectroscopy. After the
reaction completed, all volatiles were removed in vacuo and the
solid residue was triturated with acetonitrile, whereupon a yellow
solid forms. The latter was filtered off and dried at high vacuum;
yield 41% (170 mg) of a yellow, microcrystalline solid; m.p. 165.5—
166.5 °C. The sample of the analytical purity was obtained by
crystallization from concd. hot acetonitrile solution (m.p. 166.3—
166.7 °C). The compound has high solubility in aromatic solvents,
THEF; it is weakly soluble in acetonitrile, ether and aliphatic sol-
vents. '"H NMR (300.1 MHz, C¢Dg 25 °C): 6 = 0.90 (s, 9 H, ¢Bu),
1.69 (s, 12 H, 2X CMe,), 2.07 (d, 2Jup = 5.1 Hz, 1 H, NH), 2.47
[s, 2 H, CH5(CMe,),], 6.16 (d, *Jcp = 4.0 Hz, 2 H, HCcs), 7.03
(m, 6 H, m-Ip-Ph), 7.83-7.90 (m, 4 H, 0-Ph) ppm. *C{'H} NMR
(75.5 MHz, C¢Dg, 25°C): 6 = 31.4 (d, 3Jcp = 3.9 Hz, NCMe;),
33.3 (s, 2X CMe,), 39.6 (d, “Jep = 1.7Hz, 2X CMe,), 53.1 (d,
2Jep = 2.2Hz, CMe;), 64.9 [s, CHy(CMe,),], 80.5 (d, Jep =
118 Hz, P-Ccs), 106.1 (d, 2Jcp = 16 Hz, HCcs) 128.5 (d, 3Jcp =
12 Hz, m-Ph), 131.5 (d, 'Jcp = 105 Hz, ipso-Ph), 131.7 (d, *Jcp =
2.8 Hz, p-Ph), 133.9 (d, 2Jcp = 9.9 Hz, 0-Ph), 146 (3Jcp = 18.7 Hz,
Me,CCcs) ppm. 3'P{'H} NMR (81.0 MHz, C4Ds, 25°C): § =
+17.0 ppm. EI-MS: m/z (%): 417 (100) [M*], 340 (70) [M* — Ph],
412 (25) [M* — Me]. C,3H36NP (417.56): calcd. C 80.54, H 8.69,
N 3.35; found C 80.25, H 8.57, N 3.38.

P-Iminophosphane 11 [Ph,P(NSiMe;)Cp™H]: A suspension of
phosphane 4 (334 mg, 0.96 mmol) in MesSiN; (1.0 mL, ca.
7.5 mmol) was stirred at 100 °C for 18 h, whereupon slow N, evol-
ution takes place. The color of reaction mixture turns progressively
brown. The proceeding of the reaction was performed by *'P NMR
spectroscopy of the crude reaction mixture. After the reaction pro-
ceeded to 87%, it was terminated. Removal of all volatiles in vacuo
yields a light brown semisolid mass, which was extracted into hex-
ane (10 mL). Filtration from a small amount of amorphous, brown
solid followed by removal of the solvent results in the formation of
the light brown crystalline product (m.p. 94.0-94.5 °C) The moist-
ure and air-sensitive compound 11 shows very high solubility in all
common aprotic solvents at room temp. A sample of analytical
purity was obtained by crystallization from acetonitrile; m.p. 94.5—
94.7°C. 'TH NMR (300.1 MHz, C¢Dg, 25°C): 6 = 0.39 (s, 9H,
SiMes), 1.00, 1.04 2X s, 2X 6H, 2X Me,C), 191 [s, 2H,
CH,(CMe,),), 3.03 (dd, 3Jyyp = 1.0, *Jyy iy = 1.7 Hz, 2 H, H,Ccs),
6.95 (dt, *Jyy = 1.7, 3Jyp = 9.0 Hz, HCcs), 7.05 (m, 6 H, m-/p-
Ph), 7.80-7.90 (m, 4 H, 0-Ph) ppm. *C{'H} NMR (75.5 MHz,
CsDg 25°C): 6 = 4.5 (d, 2Jcp = 3.3 Hz, SiMes), 29.9, 30.3 (2 X s,
2X CMe,), 36.6 (d, 2Jcp = 12.7 Hz, H,Ccs), 40.0, 41.7 (2 X s, 2 X
CMe,), 61.6 [s, CH,(CMe,),], 128.2 (d, 3Jcp = 10.6 Hz, m-Ph),
130.7 (d, *Jcp = 2.8 Hz, p-Ph), 131.9 (d, 2Jcp = 10.5 Hz, 0-Ph),
136.8 (d, 'Jcp = 104 Hz, ipso-Ph), 140.3 (d, 2Jcp = 11 Hz, HCcs),
144.6 (d, 'Jep = 108 Hz, P-Ccs) ppm. 155.5 (d, 3Jcp = 14.9 Hz,
CcsCMe,), 162.7 (d, 3Jcp = 6.6 Hz, CcsCMe,) ppm. 3'P{'H}
NMR (81.0 MHz, C¢Dy): 6 = 7.8 ppm. EI-MS: m/z (%): 433 (34)
[M™], 360 (100) [M™* — SiMes]. C,7H36NPSi (433.65): caled. C 74.78,
H 8.37, N 3.23; found C 73.71, H 8.36, N 3.16.

P-Aminophosphorane 12 [Ph,P(Cp™)NH,]: This compound was
isolated accidentally as a small amount of colorless precipitate by
crystallization attempt from solvent-grade acetonitrile. Therefore,
the synthesis of compound 12 was not optimized; m.p. 172.0—
173.0 °C. 'TH NMR (300.1 MHz, C4Dg 25°C): § = 1.66 (s, 12 H,
2X MeyC), 2.10 (br. s, 2H, NH,), 2.42 [s, 2 H, CH,(CCMe,),],
5.68 (d, *Jcp = 3.4 Hz, 2 H, HCcs), 6.87-7.03 (m, 6 H, m-/p-Ph),
7.48-7.56 (m, 4 H, o-Ph) ppm. 3C{'H} NMR (50.1 MHz, C¢Ds,
25°C): 0 = 332 (s, 2X MeyC), 39.5 (s, 2X CMe,), 64.8 [s,
CH5(CMe,),], 82.0 (d, Wep = 110 Hz, P-Ccs), 104.8 (d, 2Jcp =
17.8 Hz, HCcs), 128.3 (d, 3Jcp = 12.6 Hz, m-Ph), 131.1 (d, 'Jcp =

4163

www.eurjic.org



FULL PAPER

J. Sundermeyer et al.

102 Hz, ipso-Ph), 131.7 (d, *Jep = 2.5 Hz, p-Ph), 132.4 (d, *Jc.p =
10.7 Hz, 0-Ph), 146.0 (d, *Jcp = 19.3 Hz, Me,CCcs) ppm. 3'P{'H}
NMR (81.0 MHz, CDg, 25 °C): & = +22.1 ppm. EI-MS: m/z (%):
361 (100) [M*], 284 (32) [M* — Ph]. CayHosNP (361.47): calcd.
C79.75, H7.81, N 3.88; found C 80.30, H 8.18, N 3.98.

Ferrocene Derivative 13 [(n3-Cp™PPh,),Fe], (dppf™): To a solu-
tion of phosphane 4 (690 mg, 2.05 mmol) in THF (25 mL), a solu-
tion of [PhCH,K] (255 mg, 1.98 mmol) in THF (10 mL) at 0 °C
was added followed by addition of solid FeCl, (64 mg, 0.50 mmol).
A dark brown suspension forms. The reaction mixture was stirred
for 2 h at room temp., after that all volatiles were removed in vacuo
and residue was extracted with hexane; solvent was stripped off
yielding a brown-orange, foamy residue. This was dissolved in ace-
tonitrile, treated with ultrasound whereupon an orange-pink solid
forms. It was filtered off and dried in high vacuum; yield 83%
(620 mg). Ferrocene 13 is highly soluble in hydrocarbons, aromatic
solvents, ethers, ethanol and virtually insoluble in methanol and
acetonitrile; m.p. 180.5 °C (dec. > 188 °C). '"H NMR (300.1 MHz,
Cg¢Dg, 25°C): 0 = 1.16 (s, 6 H, 2 X Me), 1.25(s, 6 H, 2 X Me), 1.68,
242 [2% d of AB system, 2Jy; 15 = 12.8 Hz, 2 X 1 H, diastereotopic
H,C(CMe,)], 4.00 (s, 2 H, HC(s), 7.06 (m, 6 H, p-/m-Ph), 7.60 (m,
4 H, 0-Ph) ppm. BC{'H} NMR (75.5 MHz, C¢Dy, 25 °C): 6 = 31.3
(s, Me), 32.7 (s, Me), 379 (s, CMe,), 59.2 (s, CH,), 63.7
(pst, PJep + 3Jepl = 7.6 Hz, HCcs), 109.6 (s, CcsCMe,), 128.4,
128.7 (2 X s, m-Ip-Ph), 134.6 (pst, |>Jcp + ®Jcp| = 10.5 Hz, 0-Ph),
141.2 (pst, |'Jcp + >Jcp| = 6.8 Hz, ipso-Ph) ppm. *'P{'H} NMR
(81.0 MHz, C¢Dy, 25 °C): 6 = -16.7 ppm. ESI-MS: m/z (%) = 747.2
[M* + H]. C4uHs,FeP, (746.7): caled. C77.21, H 7.02; found
C76.62, H 7.13.

Palladium Complex 14 [(dppf™)PdCl,]: To a solution of ferrocene
13 (500 mg, 0.67 mmol, 1.07equiv) in THF (10mL),
[PACIy,(MeCN),] (160 mg, 0.63 mmol) was added and reaction mix-
ture was stirred for 24 h. During that period a lustrous, purple-

orange, microcrystalline precipitate forms. It was filtered off and
dried in high vacuum; yield 66% (395 mg). The compound is air-
stable and shows high solubility in CH,Cl, and low solubility in
THF; not soluble in aromatic solvents, hexane, ether, acetone,
lower alcohols; m.p. > 250°C. '"H NMR (300.1 MHz, C¢Ds,
25°C): 6 = 1.00, 1.03, 1.08, 1.39 (4X s, 4 X3 H, 4X Me), 1.76,
2.30 (2% d of AB system, 2Jy iy = 13.4 Hz, 2X 1 H, exo-/endo-
CH,), 3.64 (s, | H, HCcs), 4.11 (d, 3Jup = 2.5Hz, 1 H, HCcs),
7.33-7.65 (m, 8 H, Ph), 8.11 (m, 2H, Ph) ppm. C{'H} NMR
(75.5 MHz, C¢Dg, 25 °C): 6 = 29.4, 30.4, 31.7, 32.7 (4 X 5,4 X Me),
36.3, 38.1 (2X s, 2X CMe,), 58.1 [s, CHy(CMey),], 62.2 (s, HC(s),
66.5 (pst, [2Jcp + *Jcp| = 20.2 Hz, HCes), 71.1 (dd, YJep = 56,
3Jep = 4Hz, P-Ces), 112.6 (pst,PJep+ Jcpl = 54Hz,
CcsCMey), 127.2, 128.1 2% pst, PJep + 3Jcpl = 11.0, PJcp +
SJcpl = 11.6 Hz, 2 X m-Ph), 130.0, 131.6 (2X s, 2X p-Ph), 133.7
(pst, PJcp + *Jep| = 9.2 Hz, 0-Ph), 134.6 (d, 'Jcp = 60 Hz, ipso-
Ph), 135.6 (pst, PJcp+ *Jep| = 12.4Hz, o-Ph) ppm. 3'P{'H}
NMR (121.0 MHz, CD,Cl,, 25°C): ¢ = +30.3 ppm. ESI-MS:
miz (%): 924.2 [M™]. C4sHs5,ClLFeP,Pd (924.07): caled. C 62.39,
H 5.67; found C 62.05, H 5.81.

Palladium Complex 15 [(dppf™)Pdl,): A stirred suspension of com-
plex 14 (166 mg, 0.18 mmol) and Nal (660 mg, 4.4 mmol, ca.
24 equiv.) in MeOH (30 mL) was refluxed for 10 min. After that
the reaction mixture was cooled to room temperature and major
amount of inorganic salts was removed by centrifugation. The fil-
trate was collected by decantation and the solid was extracted in
the same way three times. The solvent from combined organic
phases was removed in vacuo and the brown residue was extracted
with CH,Cl,. The subsequent filtration and removal of the solvent
yield a deep purple, microcrystalline solid; yield 87% (173 mg). The
compound shows very high solubility in CH,Cl,; marginally solu-
ble in THF and insoluble in MeCN and Et,O; m.p. > 250 °C. 'H
NMR (300.1 MHz, CDCls, 25°C): 6 = 1.01, 1.06, 1.039 (3X s,

Table 1. Details of the crystal data, structural resolution and refinement procedure for compounds 4, 9, 13 and 15.

4 9 13 15
Empirical formula C24H27P C25H29P C48H52FGP2 C48H52F612P2Pd
Fw /gmol! 346.43 360.45 746.69 1106.89
Crystal color, habit colorless, prism colorless, needle dark red, prism light red, plate

Crystal size /mm 0.30x0.18 x0.12 0.36X0.08 X 0.04 0.08 X 0.05x%0.03 0.21X0.06 X 0.03

Crystal system monoclinic triclinic triclinic orthorhombic

Space group P 2/c P1 Pl Pca2,

z 4 4 1 4

alA 6.4001(3) 10.5140(11) 8.8276(18) 26.3109(17)

bIA 37.8489(13) 13.1131(13) 11.002(3) 11.4236(7)

c /A 8.4024(4) 15.7793(17) 11.123(3) 14.8667(7)

al® 90 89.722(8) 80.50(2) 90

pI° 96.017(6) 72.761(8) 71.261(17) 90

y[° 90 86.898(8) 84.658(19) 90

Volume /A3 2024.16(15) 2074.6(4) 1008.0(4) 4468.4(5)

deqreq, /gem™ 1.137 1.154 1.230 1.645

u /mm! 0.139 0.138 0.486 2.212

F(000) 744 776 396 2192

Diffractometer type IPDS1 IPDS2 IPDS2 IPDS2

Temperature /K 173(2) 100(2) 130(2) 100(2)

Number of reflections collected 12322 23974 8283 20064

Number of independent reflec- 3874 23794 3532 7797

tions

Absorption correction semi-empirical none integration semi-empirical

R(int) 0.0510 “HKLF 5” refinement, no 0.1276 0.0745
merging, BASF = 0.157

GOF 0.956 0.690 0.763 0.898

RI [I>20(1)] 0.0379 0.00583 0.0551 0.0439

WR, (all data) 0.0953 0.1313 0.0980 0.0767
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3H, 6 H, 3H, 4X Me), 1.75, 2.30 (2 d of AB system, 2Jypy =
12.6 Hz, 2X 1 H, exo-lendo-CH,), 3.55 (s, 1 H, HCcs), 3.94 (d,
2Jup = 3.3Hz, 1 H, HCcs), 7.30-7.44 (m, 5 H, Ph), 7.51-7.63 (m,
3 H, Ph), 8.00-8.06 (m, 2 H, Ph) ppm. *C{'H} NMR (75.5 MHz,
CDCl;, 25°C): 0 = 30.0, 31.2, 32.4, 33.5 (4X s, 4X Me), 36.8,
38.5(2X s, 2X CMe,), 58.7 [s, CH5(CMe»),], 62.7 (s, HCcs), 67.0
(pst, PJep + *Jep| = 21 Hz, HCes), 73.9 (dd, YJep = 47, 3Jcp =
6 Hz, P-Ccs), 1124 (d, 3Jcp = 6.6Hz, CcsCMe,), 112.5
(pst, PJcp + 3Jcp| = 2.2 Hz, CesCMe,), 127.4, 128.2 (2 X pst, 2 X
[*Jep+ 3Jcpl = 11.6 Hz, m-Ph), 130.3, 131.6 (2X s, 2X p-Ph),
132.2 (d, Jep = 54 Hz, ipso-Ph), 134.8, 135.9 (2% pst, |*Jcp +
“Jcrpl =94 Hz, PJcp + *ep| = 12.5Hz, 2X 0-Ph), 136.6 (d, 'Jcp
= 55 Hz, ipso-Ph) ppm. *'P{'H} NMR (81.0 MHz, CDCl;, 25 °C):
0 = +19.9 ppm. ESI-MS: m/z (%): 1106.4 [M*]. C4sHs,Fel,P,Pd
(1106.97): caled. C 52.08, H 4.74; found C 52.53, H 4.65.

X-ray Crystallographic Studies: The crystals of compounds were
grown by cooling of their concentrated solutions: 4, 13 (EtOH,
+25°C), 9 (Et,0, 0°C) and 15 (CH,Cl,, 0°C). Diffraction data
were collected with STOE IPDSI (for 4, 9) and IPDS2 (for 13, 15)
diffractometers using graphite monochromated Mo-K, radiation (4
=0.71073 A). Crystal data and structure refinement details are col-
lected in Table 1. All structures were solved by direct methods and
expanded by difference-Fourier synthesis using SIR2004 (Giacov-
azzo, 2004) and refined by the full-matrix least-squares procedure
based on F2, using the SHELXL-97 (Sheldrick, 1997) computer
program. ORTEP plots of all molecular structures were generated
with Diamond 3.1, Crystal Impact software.

CCDC-746654 (for 4), -746655 (for 9), -746656 (for 13), -746657
(for 15) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Magneto—Structural Correlations in Discrete Mn''-WY Cyano-Bridged
Assemblies with Polyimine Ligands
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We present the magneto-structural correlations for two novel
discrete cyano-bridged assemblies based on cationic com-
plexes of manganese(II) with diimine ligands and octacyano-
tungstate(V) ions. The crystal structure of [Mn'(terpy)(dmf)-
(H,0),][Mn"(terpy) (H,0) (dmf) (1-NC)WV(CN); ]-6H,0 (1)
(terpy = 2,2';6',2"'-terpyridine, dmf = dimethylformamide)
contains dinuclear {Mn"WV}~ cyano-bridged anions, while
the crystal structure of [Mn'(phen);],[Mn'(phen),(u-NC),-
WVY(CN)g]2(Cl0O4)2:9H,0 (2) (phen = 1,10-phenanthroline) is
built of tetranuclear {Mn',WV,}?>~ square anions. Intramo-
lecular Mn-W magnetic interactions through the cyano brid-
ges are represented by magnetic coupling constants J =
-39 cm™! for the (Mn"WV}~ unit in 1 and J; = -25.7 and J, =
-16.7 cm™! for the {Mn",WV,}2~ unit in 2. J and J, represent

relatively strong W-CN-Mn interactions and are ascribed to
the bridges in b positions of TPRS-8 (trigonal prism square-
face bicapped) of [W(CN)g]*~ polyhedra, favoring the strong-
est electronic interactions between the d,>-d,2_,» orbital of W
and the ©* orbitals of CN~, whereas J, is related to the m
vertex of [W(CN)g]®~. The magnetic properties of 1 and 2 are
compared with reference compounds and discussed in the
context of the type of coordination polyhedra of [W(CN)g]*~
as well as the metric parameters of cyano-bridged W-CN-
Mn linkages. We found the type of coordination polyhedra
and bridging mode of [W(CN)g]®~ to be the most important
factors influencing the magnitude of the Mn-W magnetic in-
teraction.

Introduction

The interest in achieving novel functional materials has
stimulated extensive research on the design and synthesis of
polynuclear complexes. Cyanometalates able to act as diver-
gent polytopic linking units offer a variety structural and
functional features including a broad scope of coordination
numbers and geometries, redox activity, and magnetic mo-
ments.l'1 The great success of Prussian blue analogues and
other hexacyano-bridged hybrid materials was due to the
observation of up to room temperature magnets,!'”! light-,l'!]
pressure-,l'?l and solvent-tunable!'’] magnets, cyano-cen-
tered linkage isomerism,!'* chiral magnets,'>! high-nu-
clearity discrete systems including high-spin molecules,!]
as well as magnetically ordered nanoparticles,!'”! nanolay-
ers,'® and nanolayered composites.['”] Over the last decade
octacyanometalates [M(CN)g]* 4 have been employed for
crystal engineering of molecular magnetic materials. A
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number of factors including the low energy barrier for the
transformation between geometries [ideal square-antiprism
(SAPR-8), dodecahedron (DD-8), and trigonal prism
square-face bicapped (TPRS-8)],[2% electrochemical lability
between paramagnetic 4d! (Nb'™Y, MoV) or 5d' (WV) and
diamagnetic 4d> (Mo'V) or 5d> (W) valence configura-
tions,?!! and a tendency to grow conveniently, leads to
monocrystalline bimetallic solids with a novel potential in
the construction of functional cyano-bridged net-
works.[#22-241 The highest magnetic ordering temperatures
(T.) of up to 62 K were regularly observed in {Mn'[M-
(CN)g]} networks.”3l A T, of 138 K was recently reported
for mixed valence {VI,VII[Nb(CN)]}.?4 In addition, we
have reported a relatively high increase in 7, from 25 to
62 K observed upon the dehydration of {[Mn'(imH)],-
[NbY(CN)g]-4H,0}..123¢

In the context of designing magnetically ordered net-
works, calculating the intermetallic magnetic coupling con-
stant, Jmnw(Mo,Nb)» 18 Of interest. In order to establish corre-
lations between the local magnetic interactions and the ge-
ometry of [W(CN)g]*~ ions in polynuclear 3d-5d cyano-
bridged assemblies, we present two novel discrete manga-
nese(Il) octacyanotungstate(V) compounds. In Figure 1 we
present an overview of the relevant structural motifs ob-
served for discrete Mn'"WY, Mn'"MoY, and Mn'"Nb!V spe-
cies.”! The magnetic moment originating from Mn!! (3d°)
couples antiferromagnetically with the WY (MoY, Nb'Y)
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magnetic moment in all known cyano-bridged molecules
and networks giving rise to total ground state spins (S) of
up to 39/2, with values of Jyrawmo Nby ranging from —10 to
—24cm™!, calculated using the standard H = —JZiiSi°S;
Heisenberg Hamiltonian or DFT methods. Within our re-
search on low nuclearity species,”®! we take advantage of
the properties of phen and terpy to synthesize two novel
systems [Mn'!(terpy)(dmf)(H,O),][Mn"(terpy)(H,O)(dmf)-
(-NC)WY(CN)L6H,0 (1) and  [Mn'(phen)sl,[Mn'-
(phen)»(u-NC),WY(CN)c]2(ClO4)»*9H,0 (2). The structures
of 1 and 2 comprise dinuclear and square tetranuclear cy-
ano-bridged skeletons, respectively. The Jy,w values reach
ca. —39 cm ! indicating slightly stronger Mn—W interac-
tion compared to the systems reported previously. Further-
more, we compare the structural and magnetic features of
2 with those of two reference systems: [Mn"(tptz)(OAc)-
(H,0),1L[{Mn"!(tptz)(MeOH); 55(H20).42} 2 { WY(CN)g} ,]-
5MeOH-9.85H,0 (3)1%°¥ [tptz = 2,4,6-tris(2-pyridyl)-1,3,5-
triazine, OAc = acetate] and [{Mn'(bpy),},(0ox)]-[{Mn'l-
(bpy)2} {WY(CN)g},]-4H,0 (4)°1 (bpy = 2,2-bipyridine,
ox = oxalate) in the context of the presence of topologically
identical, yet structurally different {Mn,W,}> squares in
all three structures. The magneto-structural correlations
take into account the differences in the type of coordination
polyhedra, the bridging modes of [W(CN)g]*~, and the met-
ric parameters of the cyano-bridged linkage.

A

S NAS

{Mn,W,}* 3.4 {Mn,W,} 5 {Mn,W,} 6
Sy =4 Sy = 1312 Sy =9

(@) (b) (c)

CLL AN
: \./ \./ \.» \./ \./ \./

A
N

{MngW,} fragment in {MnsW,} 8
{Mn,W}, chain 7 Sg =13
Sy =9
(d) (e)
) \ A
@ AN :
; ./ \./ \./ k
{Mn,Nb,} {MngNb} {MngWg}
S =9 Sq = 2712 Sg =392

® ()] (h)

Figure 1. Structural motifs observed for Mn""WY, Mn'"MoV, and
Mn""Nb'Y species together with the relevant ground state spins S>3
including the reference Mn—W compounds 3-8 (a—e).[>5*25¢1 Color
scheme used: W, Mo, Nb = light gray, Mn = dark gray, cyano-
bridges = black line.

Eur. J. Inorg. Chem. 2010, 4166-4174

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

European Journal
of Inorganic Chemistry

Results and Discussion

Crystal Structure of 1

The asymmetric unit of 1 consists of two structurally dif-
ferent [Mn(terpy)(H,O)(dmf)(u-NC)WY(CN)s]~ [{MnW}]
cyano-bridged anions (Figure 2), one [Mn(terpy)(H,O),-
(dmf)J** cation and six molecules of water of crystallization.
Selected bond lengths and angles are presented in Table 1
and Table S1. The coordination polyhedra of the [W-
(CN)g]*>~ units were determined using two criteria: (i) the
shape-determining angles?°¥ defined as the deviation from
planarity of atoms forming a trapezoid in an ideal dodeca-
hedron (¢ angles) and the dihedral angles at the shape-de-
termining edges (6 angles) (see Figure S1 and Table S3 in
the Supporting Information) and (ii) the continuous shape
measures method (CShM)?7! (Table S4).

Figure 2. The cyano-bridged {MnW}~ units of 1 with selected atom
labeling. 50% Probability ellipsoids are shown. Color scheme used:
W, Mn = black, C = dark grey, O = grey, N = pale grey.

Table 1. Distances [A] and angles [°] of cyano bridges in 1 and 2.
1

W1-Cl1 2.202(14) Mnl-N1 2.176(14)
C1-N1 1.14(2) Mnl-NI1-Cl 150.8(12)
WI1-C1-N1 174.2(14) W1--Mnl 5.31
W2-C13 2.169(13) Mn2-N13 2.199(12)
C13-N27 1.15(2) Mn2-N13-C27 149.6(12)
W2-C13-N27  177.2(14) W2---Mn2 5.32
2
WI1-Cl1 2.150(8) Mnla-N1 2.176(14)
C1-N1 1.143(9) Mnla-N1-Cl  167.6(7)
WI1-C1-N1 177.9(7) Wil--Mnla 5.43
W1-C5 2.183(7) Mnl-N5 2.249(6)
C5-N5 1.135(9) Mnl-N5-C5 159.9(6)
WI1-C5-N5 174.9(6) W1--Mnl 5.46
www.eurjic.org 4167



FULL PAPER

R. Podgajny et al.

The [W1(CN)g]*>~ moiety exhibits geometry very close to
TPRS-8, whereas [W2(CN)g]*>~ adopts TPRS-8 geometry
with some admixture of SAPR-8 character, with W—C bond
lengths and almost linear W—-C-N angles typical for this
class of compounds.?*?3 In each {MnW !~ unit the bridg-
ing ligand is positioned at the noncapped square-face cor-
ner of TPRS-8 [W(CN)g]*", denoted as the b position (Fig-
ure 3).2%! The metric parameters of the cyano-bridging
linkages Mnl-N1-C1-W1 and Mn2-N13-C27-W2 are
represented by Mn—N bond lengths of 2.176 and 2.199 A,
strongly bent Mn—N-C angles of 150.8 and 149.6°, almost
linear W-C-N angles of 174.2 and 177.2°, and intramolecu-
lar Mn-W distances of 5.31 and 5.32 A, respectively. The
coordination spheres of the Mnl and Mn2 centers are sim-
ilar and can be described as having distorted octahedral
geometry with bond lengths in the range 2.18-2.29 A. The
distortion is mainly caused by the coordination of the rigid
terpy ligand, conferring the formation of five-membered
rings with Neypy~Mn—Ni,, bite angles of approximately
72° and N-C-C-N torsion angles in range 2.21-8.28°. The
cyano bridge is coordinated to the manganese center in the
plane formed by three N atoms from the terpy ligand. The
coordination sphere is completed by one water and one dmf
molecule. In the [Mn3(terpy)(H,0),(dmf)]** complex, the
Mn center adopts a distorted octahedral geometry with the
coplanar coordination of terpy and dmf, and the axial posi-
tions are occupied by two water molecules. The stereochem-
ical arrangement around Mn centers seems to be controlled
mainly by steric hindrance of the terpy ligand and the
[WY(CN)g]* ion or dmf molecule, respectively, resulting in
the trans arrangement of bulky ligands in the coordination
sphere. Nonbridged metal ions are separated by distances
longer than 7.3 A.

b b
e ~L
b\m/b

Figure 3. Three geometrically different vertices in TPRS-8 geome-
try.[200]

The 3D supramolecular architecture is stabilized by a hy-
drogen bond network formed by terminal cyano ligands,
coordinated water, and crystallized water molecules with
donor-+-acceptor distances in the range 2.6-2.9 A and face-
to-face m-m stacking interactions between the terpy pyridyl
rings with average interplanar distance of 3.5 A (Figure S2,
Supporting Information).

Crystal Structure of 2
The structure of 2 consists of a tetranuclear [Mn'(phen),-
(u-NC),WY(CN)-],> [{Mn,W,}>] unit (Figure4), two
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[Mn"(phen);]** cations, two ClO,~ anions, and seven crys-
tallographically independent sites of water of crystallization
with complete or partial occupancy, resulting in nine water
molecules per formula unit. The bond lengths and angles
are presented in Table 1 and Table S2.

., N4

Figure 4. The cyano-bridged {Mn,W,}> unit of 2 with selected
atom labeling. 50% Probability ellipsoids are shown. Color scheme
used: W, Mn = black, C = dark grey, N = pale grey. Symmetry
operations: a): 1 —x, 1 -y, 1 —z.

The geometry of the octacyanotungstate unit can be gen-
erally described as TPRS-8, with very similar shape param-
eters to those of the [W2(CN)g]*~ in 1 (Table S3 and Table
S4). The octacyanotungstate ion forms two cyano bridges
to manganese centers, resulting in the formation of tetranu-
clear unit. The first bridging ligand, N1Cl, is positioned at
the noncapped square-face corner of TPRS-8 [W(CN)g]*~
(b position), and the second, N5CS5, is positioned at one of
the corners between the capping ligands, denoted as the m
position (Figure 3).2°° The metric parameters of the re-
spective cyano bridges are represented by Mn-N bond
lengths of 2.167 and 2.249 A, Mn-N-C angles of 167.54
and 159.85°, almost linear W-C-N angles of 177.98 and
174.85°, and intramolecular Mn--*W distances of 5.43 and
5.46 A. The coordination sphere of the cis-[Mnl(phen),-
(NC),] displays slightly distorted octahedral geometry with
all Mn1-N bonds in the range 2.167-2.292 A. The tetra-
meric anion is formed from the coordination of two cyano
ligands to the Mn center with a Nla-Mnl1-N5 angle of
92.5(2)°. The tungsten corner of the tetranuclear unit has a
C1-WI1-C5 angle of 81.0(3)°, showing a deviation from
ideal square geometry. The Mn2 centers coordinate three
phen ligands in an almost regular octahedral geometry with
Mn2-N bond lengths between 2.224 and 2.287 A. The
shortest intermolecular contacts outside the {Mn,W,}>"
unit are Mn2-+-W1 distances of 7.76 and 7.93 A.

The crystal lattice is stabilized by face-to-face n-m stack-
ing interactions between the phen ligands with the appro-
priate interplanar distances of approximately 3.5 A and by
moderately strong hydrogen bonds. In the crystal lattice of
2 two kinds of crystallized H,O molecules can be distin-
guished (Figure S3). The six H,O per formula unit located
at O1W, OW2, and OW3 sites, are involved in hydrogen
bonding interactions with terminal cyano ligands and oxy-
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gen atoms of perchlorate anions and, thus, may be treated
as strongly bonded. The remaining three H,O molecules
represented by O4W, O5W, O6W, and O7W sites are delo-
calized within the channels walled by the phen ligands of
{Mn,W,}? units and CIO, anions parallel to the a crystal-
lographic direction. These positions are excluded from the
hydrogen bonding network and participate only in weak
intermolecular contacts with the carbon and nitrogen
atoms of the phen rings and oxygen atoms of the ClO4
anions.

Magnetic Properties

The temperature dependence of y7(7) per formula unit
measured at 1 kOe for 1 is presented in Figure 5 (a). At
300K, the y7T value of 13.3cm?Kmol! is close to
13.8 cm?*Kmol™! expected for three uncoupled Mn™ (S =
5/2) centers and two WY (S = 1/2) centers, assuming g =
2.0. On cooling the yT value decreases slowly indicating
that the dominant interactions within {MnW}~ units are
antiferromagnetic. After reaching a smooth minimum at
around 60 K, yT starts to increase, which is presumably
caused by the intermolecular ferromagnetic interactions be-
tween the mono- and dinuclear units in 1. The y7 measured
below 25 K is affected by a small ferromagnetic impurity
with T, = 22 K that is demonstrated by irreversibility in the
ZFC/FC measurement (ZFC = zero field cooling, FC =
field cooling) (Figure S4, a). The presence of the unavoid-
able impurity was observed in various quantities in samples
from three separate syntheses. For this reason the data be-
low 30 K were excluded from the analysis. The M(H) curve
tends to saturate reaching 13.4 Nf per formula unit at
50 kOe (Figure S4, b), being very close to 13 Nf expected
for 1 for antiferromagnetic coupling between WY and Mn'!,
which confirms the sign of the interactions.

We modeled the magnetic data of 1 assuming the domi-
nant interactions within the {MnW}~ units, and the effec-
tive intermolecular interaction (for all kinds of intermo-
lecular interactions in the crystal lattice within the regime
of mean field approximation®®) in accordance with its mo-
lecular structure. One antiferromagnetic Mn''(S = 5/2)-
WVY(S = 1/2) exchange coupling constant J was assumed.
The Heisenberg Hamiltonian, Hj, for the dinuclear species
{MnW}  in magnetic field

H; = -J(SvaSw) — gBHZ(Sin + SW)

was solved numerically, and the [Mn(terpy)(H,0),(dmf)]**
contribution was added to get the susceptibility y, of nonin-
teracting complexes. The intermolecular interaction was in-
cluded as

%= 1ol(1 = 022J' INAZB?)

Fitting the y7(7T) above 30 K gives J = -39(2), zJ' =
0.32(2) cm ™!, and g = 1.99(2).

The temperature dependence of y7(7) per formula unit
measured at 1 kOe for 2 is presented in Figure 5 (b). At

300 K, the y7 value of 16.3cm?>Kmol! is lower than
18.25 cm? K mol ! expected for four uncoupled Mn' (S =
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Figure 5. Magnetic characteristics for 1 and 2: y7(7T) dependences
for 1 (a) and 2 (b); [M(H) dependence inset in (b)]. Straight lines
represent the best fits.

5/2) centers and two WY (S = 1/2) centers, assuming g =
2.0. On cooling the y7 value decreases slowly, reaching a
smooth minimum at 78 K, then starts to increase rapidly to
19.3 cm?Kmol ! at 2 K revealing a very smooth inflection
at around 4 K. The value of y7 = 19.3 cm?*Kmol ' at 2 K
is between the low temperature limits (y 7).t of 18.75 and
29.75 cm*Kmol !, calculated for {Mn,W,}> units with
antiferro- and ferromagnetic W-Mn interactions, respec-
tively, and the uncoupled [Mn(phen);]>* complex, assuming
Zav = 2. The yT(T) dependence above 30 K with the mini-
mum around 80 K, suggests the presence of antiferromag-
netic W—Mn interactions within the {Mn,W,}> units. The
M(H) curve tends to saturate reaching 17 Nf per formula
unit at 50 kOe (see inset in Figure 5, b), and is very close
to the magnetization of saturation of 18 N (assuming g,, =
2) expected for 2 in the case of antiferromagnetic coupling
between WY and Mn!!, which confirms the nature of these
interactions. The intermolecular ferromagnetic interactions
including mono- and tetranuclear complexes may be op-
erating at low temperatures.

Due to the substantially different Mn—-N bond lengths
and Mn-N-C angles of the cyano bridges within the
{Mn,W,}? unit, the magnetic system of 2 can be treated
as a tetranuclear Mn''(S = 5/2)-WY(S = 1/2) unit with two
different antiferromagnetic exchange coupling constants J;
and J,, and two isolated Mn(S = 5/2) centers. The Heisen-
berg Hamiltonians

Hs = —/1(SvntSwi + Svin2Sw2) — J2(SviniSwz + Svin2Swi)
+ gusH(S{un1 + Stan2 + Stvi + Svo)

and
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Hl = gﬁHsf\/[n

were solved numerically, which includes diagonalization of
a 144 X 144 matrix. The molar magnetization of the sample
was calculated as

M= M, +2M,

where M\, = NZ,(-0ELYH)exp(—EL* Tk gT)/E,exp(-EL4
kgT)

and E}* denote the eigenvalues of Hy 4 respectively. Much
weaker effective interunit interactions involving tetramers
and monomers were approximated in terms of the molecu-
lar field model, where

H=H., +yMand y = 2z2J'INAZS.

This model was also solved numerically, which also al-
lowed us to calculate the nonlinear M( H) dependence. The
calculations were performed with the diamagnetic contri-
bution taken into account. The best agreement with the ex-
perimental data was obtained for J; = -25.7(7), J, =
-16.7(7), zJ' = 0.020(7) cm™', and g = 1.95(5). This set of
parameters satisfactorily reproduces both x7(7) and
M( H) dependencies, which is visible in Figure 4 (b). Reduc-
ing the number of fitted parameters by assuming that J;
and J, are equal, results in the value of J, = J, =
-21(2) cm™!.

The mean g values of 1.99 (1) and 1.97 (2) obtained from
the fitting procedure are very similar to those observed for
mononuclear [WY(CN)g]*~ salts (1.963-1.974)>1®1 and for
cis-[Mn"(phen),Cl,] (1.97).1*° They also conform to the
mean g values found for a range of cyano-bridged W-Mn
species.[238:23¢.23d.25a-25] No sign of magnetic anisotropy
was observed in the magnetic characteristics [i.e. frequency
dependent signals of y'(7) and y''(T) or a magnetic hystere-
sis loop] under the experimental conditions employed.

Discussion

The calculated negative values of Jy,w of -39, -25.7,
and —16.7 cm ! indicate relatively strong Mn-W magnetic
interactions.l?>>2%] Magnetic coupling in octacyanometal-
ate—Mn(II) species depends on several structural features:
(i) the type of coordination polyhedra of the [W(CN)g]*~
moiety, (ii) the bridge position in respect to the magnetic
orbitals of [W(CN)g]*", and (iii) the metric parameters of
cyano-bridged linkages, which include Mn-N distances,
Mn-N-C angles, and, indirectly, Mn---W distances. The co-
ordination polyhedron of [W(CN)g]*~ and the bridge posi-
tion imply the amount of the spin density delocalized on
the cyanide orbitals, increasing from the A vertex of DD
via the SAPR vertex towards the B vertex of DD for
[Mo(CN)g]*~ and [W(CN)g]*-, which was shown by DFT
calculations.[23¢:231:25£.25¢.30] The [W(CN)g]*~ moiety exhibits
TPRS-8 geometry in 1 and 2. The analysis of possible inter-
actions of the ground state orbital of mixed d.- and d,
character in TPRS-8 with the m-accepting orbitals of the
CN ligands allows us to estimate qualitatively the increas-
ing trend of the spin density delocalized from metal orbitals
4170
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to ligand orbitals: ¢ positions < m positions < b positions
(Figure 3).2°l W-C, Mn-N, and Mn-+W distances natu-
rally govern the extent of exchange coupling. DFT calcula-
tions have shown that the decrease in the Mn—-N-C angle
from 180 to 140° leads to the moderate increase (of about
20-30%) in the strength of antiferromagnetic Mn—W cou-
pling in the case of dinuclear species.[>>#]

The relatively strong Mn—W interaction in the dinuclear
{MnW}~ units, represented by Jyaw = —39 cm™!, assigned
to the W-CN-Mn linkage in 1 is the consequence of the
superposition of three structural features: (i) the location of
cyano-bridges at b positions of TPRS-8 implying that the
highest spin density is delocalized on the CN~ orbitals, (ii)
the relatively short Mn—N distances of 2.176 and 2.199 A
and W--Mn distances of 5.32 and 5.31 A, and (iii) the high
degree of bending of the Mn-N-C angles of 150.8 and
149.6°.

In the case of the square cyano-bridged {Mn,W, !> units
in 2, two magnetic coupling constants, J; = -25.7(7) and J,
= -16.7(7) cm™!, were calculated according to the two dif-
ferent types of Mn—-INC-W linkages observed. The geome-
try of the [W(CN)g]*>~ polyhedron in 2 is TPRS-8 with some
admixture of SAPR-8 (Tables S3 and S4). The W-CI1-N1-
Mnla linkage is located at the b position and is charac-
terized by a relatively short Mn—N distance of 2.167 A, a
W--Mn distance of 5.43 A, and a relatively small degree of
bending (Mn—-N-C 167.6°). The W-C5-N5-Mnl linkage is
located at the m position and is characterized by long Mn—
N and W--Mn distances (2.249 and 5.46 A, respectively)
and a slightly higher degree of bending (Mn—N-C 159.9°)
compared to the former. Thus, we assign J; to the W-C1-
N1Mnla linkage and J, to the W-C5-N5-Mnl linkage. A
smaller value of J; compared to Jymw of —39 cm™! for 1
may be due some admixture of SAPR-8 in the TPRS-8 oc-
tacyanide polyhedron in 2, decreasing to some extent the
difference between the spin density delocalized on n* CN~
orbitals at positions b, m, and ¢ of TPRS-8 as well as due
to longer Mn--*W distances in 2.

Table 2 presents the complete set of key parameters for
molecular cyano-bridged MnW units constituting 1 and 2.
For comparison purposes we have also included the rel-
evant parameters for the selected reference compounds 3—
8 (Figure 1).25825¢ The type of coordination polyhedra of
octacyanotungstate in the reference compounds were re-ex-
amined and determined using shape-determining angles (3,
4) (Table S3) and shape parameters (3—8) (Table S4).

The square cyano-bridged {Mn,W,}?>" units of a total
ground spin state S = 4 are present in reference compounds
3123l and 4.12°% [n 3, the [W(CN)g]* moiety has an approxi-
mate SAPR-8 geometry, which implies almost identical spin
density delocalized onto m* orbitals of each CN™ ligand.
The average Mn-N and W--Mn distances of 2.19 and
5.42 A, respectively, are shorter than those of 2.21 and
5.45 A found in 2. The average angle Mn—N-C of 163° in
3 is almost identical that of 163.8° in 2. The antiferromag-
netic interaction in 3 represented by the average J,, =
—15.6 cm™! for 3 is weaker than that of 2 (J,, = —21.2 cm™).
The location of CN™ bridges at the b and m positions of in
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Table 2. Bridging modes of [W(CN);]*~, geometry of cyano bridges, and intramolecular Jyg,w coupling constants for dinuclear {MnW}~
1 and tetranuclear square {Mn,W,}?" units in 2-4 and other cyano-bridged MnW units in 5-8.[2%3-25I

Compound Polyhedron® ~ W-C [A] Mn-N [A] Mn-N-C/deg  Mn-W [A] Juvinw [cm '] Ref.

{MnW}~ units

1 TPRS-8(b) 2.202 2.176 150.8 5.31 -39 this work
TPRS-8(b) 2.167 2.199 149.6 5.32

Square-like {Mn,W,}?" units

2 TPRS-8(b) 2.150 2.167 167.6 543 -25.7 this work
TPRS-8(m) 2.183 2.249 159.9 5.46 -16.7 this work

3 SAPR-8 2.158 2.221 169.3 5.49 —15.6/"! 12531 this work
SAPR-8 2.163 2.156 156.7 5.34

4 DD-8 (A) 2.140 2.245 169.2 5.51 220.410) 250 this work
DD-8 (A) 2.172 2.168 167.4 5.43

Other cyano-bridged MnW units!!

5 (MnsW,! DD-8 (A,A)  2.263 221 163.2 5.46 12,0 25¢] this work

6 {Mn,W,! SAPR-8 2.162 221 160 5.41 12,08l @54l this work

7 {MngWs! SAPR-8 2.157 222 156 537 12,08l @54 this work

8 (MnW,! SAPR-8 2.165 223 168.2 5.49 12,414 @54l this work

[a] The dominant polyhedra are indicated, for a detailed description see Tables S3 and S4; the notation (A) and (A,A) indicates the apical
position of bridging CN~ ligands in the DD-8 polyhedron, and the notation (b) and (m) indicates the positions of the bridging CN~
ligands in the TPRS-8 polyhedron. [b] The average Jyi,w values of —7.8 cm™! for 3 and —10.2 cm™! for 4, calculated originally with H,
= = 2J1(Smn1Swi + Smn2Sw2 + SmniSwa + Smn2Swi) Hamiltonian, were multiplied by a factor of 2, for the sake of comparison. [c] The
average values of interest are given for all cyano linkages due to the simplified magnetic interaction models applied. [d] The Jy,w values
were originally calculated using the Hamiltonians relative to the molecular structure of MnW units and multiplied by the factor of 2 for

the sake of comparison.

TPRS-8 for 2 seems to overcome the effect of shortening
the Mn-N and Mn--W distances on going from 2 to 3.
This indicates the dominating influence of the coordination
polyhedra type over the length of Mn-N bonds by the
bridging mode present in {Mn,W,}?>" units in 2 and 3. In 4
we found an A,A bridging mode in the [W(CN)g]* moiety
of DD-8 geometry. One bridge is relatively short (Mn-N =
2.168, W--Mn 5.43 A) compared to the other (Mn-N =
2.245, W++Mn 5.51 A), and both have a similar degree of
bending (Mn—N-C angles of 169.2 and 167.4°). The average
value of Jynw = —20.4 cm™! for 4 is located between those
of 2 and 3. Weaker Mn—W coupling is expected for 4, which
may be favored by relatively long average Mn-N (2.21 A)
and W--Mn (5.47 A) distances, poorly bent Mn-N-C
angles (168.3°) as well as a substantial contribution of A,A
bridging geometry in the DD-8 polyhedron. However, the
more complicated model of magnetic interactions in 4, in-
cluding intramolecular interactions within the [{Mn'"-
(bpy)»}»(0x)]?* dinuclear unit, was applied.

The discussion of Jy,w values obtained for 1 and 2 may
be extended to the other discrete MnW cyano-bridged sys-
tems with different types of molecular structure including
zig-zag, decorated zig-zag, decorated squares, and ribbons
of vertex sharing squares topology presented for com-
pounds 5-8 (Figure 1, Table 2).25425¢ In 5, two bridges of
very similar metric parameters occur at the A,A positions
of the [W(CN)g]*~ dodecahedron, which may explain the
relatively small value of Jyuw of —12cm!. The average
Juvinw values close to —12 cm™! calculated for compounds 6—
8, may be explained in terms of the domination of the
SAPR-8 geometry of [W(CN)g]*~.
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DFT calculations theoretically predict that increasing the
number of cyano bridges may result in the decrease of the
calculated J value for some cases of 3d hexacyanochro-
mate(I11)-based molecules.*'1 The magnitude of Jy,w val-
ues for the whole series 1-8 seems to obey this general trend
(Table 2).

Conclusions

The novel low nuclearity cyano-bridged {Mn"WV}~ and
{Mn",WV,12~ species, based on [W(CN)g]>" of TPRS-8
geometry, exhibit relatively strong magnetic interactions
through cyano bridges represented by intramolecular Mn—
W magnetic coupling constants J = -39cm ' for
{Mn"WV}~ units and J, = -25.7and J, = —-16.7cm™' for
{Mn",WV,}2 units. The J and J, constants are ascribed to
the bridges in b positions of TPRS-8 [W(CN)s]*~ polyhedra,
favoring the strongest electronic interactions between the
d.>-d,> - orbital of W and n* orbitals of CN". We found
that the most important factors influencing the magnitude
of the Mn—W magnetic interactions are the type of coordi-
nation polyhedra and bridging mode of [W(CN)g]*~. We
demonstrate that TPRS-8 geometry, decreasing the sym-
metry of [M(CN)g]*~ ion, differentiates the extent of mag-
netic coupling within M'"-NC-M linkage in the manner al-
ternative to the DD-8.

Experimental Section

Materials: All reagents were purchased from commercial sources
(Sigma—Aldrich) and used as received. Sodium octacyanotungst-
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ate(V) 32l and cesium octacyanotungstate(V) [l salts were synthe-
sized according to the published procedures.

Safety Warning: Perchlorate salts of transition metals are poten-
tially explosive, therefore should be used in small amounts and han-
dled with care.

Syntheses

[Mn"(terpy)(dmf)(H,0),][Mn"(terpy)(H,0)(dmf) u-NOWY(CN) ]
6H,0 (1): A solution of terpy (0.116 g, 0.50 mmol) in methanol
(10 mL) was added slowly to a methanolic solution of Mn-
(ClOy4),*6H,0 (0.181 g, 0.50 mmol, 10 mL) with constant stirring.
A yellow solid was formed immediately and dmf (5 mL) was added
dropwise, followed by slow addition of an aqueous solution of
Nas;[W(CN)g]-4H,0 (0.330 g, 0.62 mmol, 10 mL). After 10 min of
stirring, the resulting brown solution was allowed to stand, and
brown plate-shaped crystals were formed after two days; yield
79 mg, 23%. C;oH74Mn;3;N,30,3W, (2048.01): caled. C 41.0, H 3.6,
N 19.2; found C 41.1, H 3.2, N 19.3. IR spectrum in the ¥(CN)
region: 2152 m, 2190 m is consistent with the presence of WY-CN-
Mn" and WY-CN stretching modes.!34

[Mn"'(phen)s].[Mn" (phen)(p-NC); W¥(CN)sl>(C104),"9H,0 (2): To
an acetonitrile solution of [Mn(phen),(H,0),](ClOy), (0.50 g,
0.77 mmol, 10 mL) was slowly added an aqueous solution of
Cs3[WY(CN)5)-2H,0 (0.579 g, 0.70 mmol, 10 mL), followed by
addition of dmf (5mL). A light brown precipitate removed
by filtration, and the resulting solution was allowed to stand. The
product forms amber plate-like crystals which were collected
by filtration after two days; yield 60mg, 10%.
Ci36H11,CLLMnyN3014,W, (2 - 3H,0) (3132.92): caled. C 52.14, H
3.60, N 16.09; found C 52.60, H 3.02, N 16.44. IR spectrum in the
V(CN) region: 2144 m, 2177 m is consistent with the presence of
WV-CN-Mn'" and WY-CN stretching modes.[3¥

Physical Measurements: Infrared spectra were recorded with a Bio-
Rad FTS 165 FT-IR and a Bruker EQUINOX 55 FT-IR spectrom-
eter. Elemental analyses were performed on a EuroVector EuroEA
instrument. Magnetic measurements were performed using a Quan-
tum Design MPMS5-XL magnetometer with finely grounded poly-
crystalline samples. Temperature-dependent molar magnetic
susceptibility, y(7) and yT(T), were obtained in the temperature (7)
range 1.8-300 K at the magnetic field H of 1000 Oe. Temperature-
dependent real magnetic susceptibility y'(7) and imaginary mag-
netic susceptibility y''(7) were measured at H,. = 5 Oe. The field
dependent magnetization M(H) data were obtained in the H range
of 0-50kOe at T = 2 K. The signal corrections of the sample
holder and diamagnetism contributions were included in the mag-
netic coupling calculations.

X-ray Crystallography and Structure Solutions: The crystal struc-
tures of compounds were determined from single-crystal X-ray dif-
fraction data collected at 292(2) K for 1 and 2. Data were collected
with a Nonius KappaCCD diffractometer using a graphite-mono-
chromated Mo-K,, radiation source (1 = 0.71073 A). Complete
crystallographic data and data collection parameters are summa-
rized in Table 3. DENZO and SCALEPACK programs!®! were
used for cell refinements and data reduction. The structures were
solved by direct methods using the SIR97 programP®! with the
WinGX graphical user interface.3”! The structure refinements were
carried out with SHELX-97.13% No absorption corrections were
performed. In all compounds the hydrogen atoms on carbon atoms
were included at calculated positions and refined with a riding
model. Hydrogen atoms of water molecules were not located for 1
and 2.
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Table 3. Crystallographic data for 1 and 2.

1 2
CooH74Mn3N2013W,  Ci36HosCl,MngN3601,W,

Empirical formula

Formula weight 2048.09 3166.86
Temperature 292(2) K
Wavelength 0.71073 A
Crystal system orthorhombic monoclinic
Space group P2,2,2, P2/c

Unit cell a = 13.66640(14) A a=12363202) A

Dimensions b =14.8099(2) A b = 34.0769(4) A
¢ = 40.9140(6) A c=18.79152) A

Volume 8280.91(19) A3 6845.25(16) A3

VA 4 2

Density (calculated)  1.643 Mg/m? 1.536 Mg/m?
Absorption coefficient 3.289 mm! 2.148 mm!
F(000) 4068 3168

0.20X0.15X0.15 mm
1.46 to 27.48°

0.20X0.15X0.15 mm
2.25 to 26.77°

Crystal size

0 range for data col-
lection

Index ranges 0=h=17,0=k=
19,0=17/=53

17914

17914 [R(int) = 0.0000]

0=h=150=k=39,
23 =1=23

23650

14244 [R(int) = 0.0675]

Reflections collected
Independent reflec-

tions

Completeness to 97.8% (0 27.48) 97.6%

0 =27.61°

Absorption correction none

Refinement method Full-matrix least-squares on F?

Data/restraints/ 17914/0/1061 14244/68/924

parameters

Goodness-of-fit on F2 1.029 0.994

Final R indices R, = 0.0786, R, = 0.0627,

[I>20(1)] WR, = 0.1997 wRy = 0.1630

R indices (all data) R, =0.1123, R, =0.1092,
wR, = 0.2333 wR, = 0.1913

Largest diff. peak/ 1.220/-2.019 ¢ A3 0.964/-1.396 ¢ A

hole

In 1, O10A and O10B correspond to a water molecule which is
disordered over two positions separated by 1.34 A with refined oc-
cupancies of 0.607 and 0.393. There are five other water molecules
of crystallization with full occupancy in the asymmetric unit, giving
a total of six water molecules of crystallization in the formula unit.
In 2 the oxygen atoms of the perchlorate anion were found to be
disordered between two different positions with refined partial oc-
cupancies of 0.6635 and 0.3365. Seven crystallographically inde-
pendent water molecules were found in 2, of these O1W, O2W, and
O3W have occupancies of 1.0, while O4W, O5W, O6W, and O7TW
have occupancies of 0.5, 0.5, 0.5, and 0.25, respectively, giving a
total of nine water molecules in the formula unit. The oxygen
atoms with partial occupancies were not refined anisotropically. All
other non-hydrogen atoms were refined anisotropically.

CCDC-768846 (for 1) and -768847 (for 2) 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.

Supporting Information (see also the footnote on the first page of
this article): Bond lengths and angles for 1 and 2, shape determin-
ing angles for 1-4, continuous shape measures for 1-8, including
the description of CShM method, views of noncovalent intermo-
lecular interactions for 1 and 2, and x(7) ZFC/FC and M(H) sig-
nals for 1.
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As a starting point, the mononuclear cyclopentadienylman-
ganese carbonyl thiocarbonyls [CpMn(CS)(CO),] (Cp = n°-
CsHs; n =2, 1, 0) and binuclear derivatives [Cp,Mn,(CS),-
(CO),] (n=3, 2,1, 0) have been studied by density functional
theory (DFT). For coordinately saturated binuclear
[Cp2Mn,(CS),(CO)3], the four electron donor end-on CE
(E = O, S) bridged structures are preferred energetically over
the normal CE (E = O, S) bridged structures, analogous to
[Cry(CS),(CO)g]. The lowest energy structure for
[Cp2Mn,(CS),(CO),] has one four-electron donor bridging
n2-p-CS group. However, this structure is thermodynamically
unstable with respect to disproportionation into [Cp,Mn,-
(CS),(CO)3] and [CpoMn,(CS),(CO)]. Only two structures are
found for [Cp,Mn,(CS),(CO)] as is the case for the carbonyl
analogue [Cp,Mn,(CO)3]. The global minimum of

[Cp2Mn,(CS),(CO)], a singlet triply bridged structure, is very
favorable energetically with respect to loss of a CO group,
disproportionation into [Cp,Mn,(CS),(CO),] + [(Cp)2Mnjy-
(CS),], and dissociation into mononuclear fragments. The
lowest energy structure for [Cp,Mn,(CS),] is a triplet struc-
ture with two bridging CS groups and the Mn=Mn triple
bond required to give each Mn atom a 17-electron configura-
tion for a binuclear triplet. A higher energy singlet
[CpaMn,(CS),] structure is found with a very short Mn=Mn
distance of about2.1 A suggesting the formal quadruple
bond required to give each Mn atom the favored 18-electron
configuration. In other higher energy singlet and triplet
[Cp2Mn,(CS),] structures the two CS ligands have coupled
to form an acetylenedithiolate ligand bridging the two man-
ganese atoms.

1. Introduction

The chemistry of cyclopentadienylmanganese carbonyls
dates back to 1954 shortly after the discovery of ferrocene
with the independent syntheses by Fischer and Jiral'l and
by Piper, Cotton, and Wilkinson™! of the mononuclear de-
rivative [(n°-CsHs)Mn(CO)] (Figure 1), commonly known
as cymantrene. This compound, with the favored 18-elec-
tron configuration for the manganese atom, is the most
stable and least chemically reactive of the simple mono-
nuclear and binuclear first row transition metal cyclopen-
tadienylmetal carbonyls. This stability allows extensive or-
ganic chemistry to be done on the cyclopentadienyl (Cp)
ring of cymantrene without disturbing the Mn(CO); unit.!
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CpMn(CO); CpzMn(u-CO); Cp2Mn;(CO)4(u-CO)

Figure 1. Structures of some cyclopentadienylmanganese carbonyl
derivatives.

About 30 years after the discovery of [(n’-CsHs)Mn-
(CO);], the first binuclear cyclopentadienylmanganese
carbonyl [(n°-MesCs)>,Mn,(u-CO);] (Figure 1) was synthe-
sized by the photolysis of [(1°-MesCs)Mn(CO);] in tetra-
hydrofuran followed by spontaneous decomposition of the
intermediate [(n>-MesCs)Mn(CO),(C4Hg)]. The resulting
[(M°-MesCs)>Mn,(u-CO)s] was shown by X-ray diffraction
to have three bridging CO groups and a very short
Mn=Mn distance of 2.17 A, suggesting the triple bond re-
quired to give each manganese atom the favored 18-electron
configuration.

To date no other binuclear cyclopentadienylmanganese
carbonyl derivatives have been synthesized as stable com-
pounds. However, [(1>-CsHs),Mn,(CO),(n-CO)] (Figure 1)
has been detected as a transient intermediate from the flash

View this journal online at
wileyonlinelibrary.com

4175



FULL PAPER

Z. Zhang, Q.-s. Li, Y. Xie, R. B. King, H. F. Schaefer I11

photolysis of [CpMn(CO);] in heptane solution.[’! The iso-
valent binuclear cyclopentadienylrhenium carbonyl chemis-
try is considerably more extensive. Thus [(n°>-MesCs),-
Re,(CO)4(n-CO)] with a bridging CO group and formal
Re—Re single bond,[”! [(n°-MesCs),Re>(CO),(u-CO),] with
two terminal CO groups and two semibridging CO groups
and a formal Re=Re double bond,®! and [(n’-MesCs),-
Re,(u-CO);] with three bridging CO groups and a formal
Re=Re triple bond®! have all been synthesized as stable
compounds that have been structurally characterized by X-
ray crystallography. The entire series of binuclear (n°-CsHs),-
M,(CO),, derivatives for both manganese and rhenium (M
= Mnl'% and Re;!'''n = 5, 4, 3, 2) have been studied recently
by density functional theory (DFT) methods.

The extensive chemistry of metal carbonyls makes of
interest the corresponding chemistry of analogous metal
thiocarbonyls. However, the instability of carbon monosulf-
ide, CS, at temperatures above —100 °C makes the synthesis
of metal thiocarbonyls much more difficult than the synthe-
sis of metal carbonyls, where the readily available and ex-
tremely stable carbon monoxide can be used as a source of
carbonyl groups, even if the reaction requires high pressures
of carbon monoxide. Because of the instability of carbon
monosulfide, indirect methods must be used to introduce
thiocarbonyl groups into transition metal complexes, using
compounds such as carbon disulfide (CS,) or thiophosgene
(S=CCl,) as sources of CS groups.l'>-1¢]

The stability of the [(n>-CsHs)MnLs] system allows the
entire series of cyclopentadienylmanganese carbonyl thio-
carbonyls [(n°-CsHs)Mn(CS),(CO);_,,] (n = 1, 2, 3) to be
synthesized.l'7-!8 Thus the mononuclear mono(thiocarbon-
yl) [(m3-CsHs)Mn(CS)(CO),] is obtained in good yield by
the conversion of [(n°-CsHs)Mn(CO)s] to the cyclooctene
complex [(1°-CsHs)Mn(CO),(n2-CgH,4)] followed by reac-
tion with PPhsy in CS, solution.['® This sequence of reac-
tions can be continued to convert [(n°-CsHs)Mn(CS)-
(CO),] to [(n>-CsHs)Mn(CS),(CO)] and finally even [(n*-
CsHs5)Mn(CS),(CO)] to [(n>-CsHs)Mn(CS);], although the
yields decrease as the number of thiocarbonyl groups in-
creases. Despite the availability and stability of the entire
mononuclear series [(n3-CsHs)Mn(CS),(CO)s.,] (n = 1, 2,
3), no binuclear cyclopentadienylmanganese carbonyl thio-
carbonyls [(1n°-CsHs),Mn,(CS),,(CO),] have yet been syn-
thesized.

Because of the difficulty of synthesizing metal thiocarb-
onyls as compared with similar metal carbonyls, theoretical
studies on metal thiocarbonyl chemistry are important for
predicting the potential most productive areas of metal
thiocarbonyl chemistry in order to focus synthetic studies
on the most interesting targets. In this connection, we have
used density functional theory to study mononuclear and
binuclear thiocarbonyl derivatives. To date, these theoretical
studies have been restricted to the first row transition metals
and to compounds containing only carbonyl and thio-
carbonyl groups. In this connection, our theoretical studies
on [Fey(C8),(CO), " [Cox(CS)x(CO), 11,27 and [Cra(CS),-
(CO),z0] (n =7, 6, 5, HP1 indicate not only that CS is a
preferred bridging ligand to CO but also that four-electron
4176
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donor CS groups are frequently found in the low energy
structures of binuclear derivatives in preference to higher
order metal-metal multiple bonds. Moreover, for [Cr,-
(CS)5(CO)y], isolobal with [(n°-CsHs),Mn,(CS),(CO)s], the
four-electron donor CE (E = O, S) bridged structures are
energetically preferred over structures with direct Cr-Cr
bonds.?!! Furthermore, such structures are thermodynami-
cally viable with respect to dissociation into the correspond-
ing mononuclear fragments. These points make of interest
a theoretical study on [(n°-CsHs),Mn,(CS),(CO),] (n = 3,
2, 1, 0) derivatives with the following questions of particular
interest:

(1) Are structures with four-electron donor CE (E = O, S)
bridges without Mn—Mn bonds energetically preferred over
structures with manganese-manganese bonds for [(n>-
C5H5)>,Mn,(CS),(CO)s] isoelectronic with [Cry(CS),(CO)o]?
(2) Are structures with four-electron donor n2?-p-CS groups
energetically preferred over structures with higher order
manganese-manganese bonds for the unsaturated [(n°-
CsH;),Mn,(CS),,(CO),] derivatives, as they are for M,(CS),-
(CO),, derivatives?

Compounds of the type [(n°-CsHs)>Mn,(CS),(CO),] (n
= 3,2, 1, 0) were included in this study because of the pros-
pects of synthesizing or at least generating them from the
stable and readily obtained!'”-'8! [(n3-CsHs)Mn(CS)(CO),].

2. Theoretical Methods

Electron correlation effects were considered using density
functional theory (DFT) methods, which have evolved as
a practical and effective computational tool, especially for
organometallic compounds.?> 3% Two DFT methods were
used in this study. The first functional is the popular B3LYP
method, which is the hybrid HF/DFT method using a com-
bination of the three-parameter Becke exchange functional
(B3) with the Lee—Yang—Parr (LYP) generalized gradient
correlation functional.!3% The other DFT method used in
this paper is BP86, which combines Becke’s 1988 exchange
functional (B) with Perdew’s 1986 gradient-corrected corre-
lation functional method (P86).3334 It has been noted else-
where that the BP86 method may be somewhat more reli-
able than B3LYP for the type of organometallic systems
considered in this paper, particularly for vibrational fre-
quencies.?537

Our DZP basis sets for carbon, oxygen, and sulfur add
one set of pure spherical harmonic d functions with orbital
exponents agq(C) = 0.75, aq(O) = 0.85, and a4(S) = 0.70 to
the standard Huzinaga-Dunning-Hay contracted DZ
sets.3840 The C and O basis sets are designated as (9s5p1d/
4s2pld) and the S basis set is designated as (12s8pld/
6s4pld). For H, a set of p polarization functions a,(H) =
0.75 is added to the standard Huzinaga—Dunning—Hay con-
tracted DZ set. For Mn, in our loosely contracted DZP
basis set, the Wachters primitive set!l is augmented by two
sets of p functions and one set of d functions, contracted
following Hood, Pitzer and Schaefer,*?l and designated
(14s11p6d/10s8p3d). For [CpMn(CS)(CO),], [CpMn(CS)-
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(CO)], [CpMn(CS)], [Cp2Mny(CS)5(CO);], [CpoMny(CS),-
(CO),], [CpaMn,(CS),(CO)], and [Cp>Mn,(CS),], there are
247, 217, 187, 464, 434, 404, and 374 contracted Gaussian
functions, respectively.

The geometries of all structures were fully optimized
using the B3LYP/DZP and BP86/DZP methods. Vi-
brational frequencies were determined by evaluating analyt-
ically the second derivatives of the energy with respect to
the nuclear coordinates. The corresponding infrared inten-
sities were also evaluated analytically. All of the computa-
tions were carried out with the Gaussian 03 program,3
exercising the fine grid option (75 radial shells, 302 angular
points) for evaluating integrals numerically,* while the
tight (108 hartree) designation is the default for the self-
consistent field (SCF) convergence.

In the search for minima using all currently implemented
DFT methods, low magnitude imaginary vibrational fre-
quencies are suspect because of significant limitations in the
numerical integration procedures. Thus all imaginary vi-
brational frequencies with a magnitude less than 100; cm™!
are considered questionable, and are given less weight in the
analysis.[*+4¢] Therefore, we do not always follow such low
imaginary vibrational frequencies.

The optimized structures are listed in Tables 1-5 and de-
picted in Figures 2-8. Each [Cp,Mn,(CS),(CO),] structure
is designated as ab-c, where a is the number of manganese
atoms (the same as the number of CS groups), b is the
number of CO groups, and ¢ orders the structures accord-
ing to their relative energies. Triplet structures are indicated
by T. Thus the lowest energy structure of [Cp,Mn,(CS),-
(CO);] 1s designated 23-1. In the text, energies are listed
as 5.9(2.9) kcal/mol corresponding to the results from the
B3LYP(BP86) methods, and bond lengths are listed in the
same way.

3. Results and Discussion

3.1 Mononuclear Derivatives

Three  structures have  been  optimized for
[CpMn(CS)(CO),] (n = 2, 1, 0) (Figure 2 and Table 1).
Structure 12-1 with a tiny imaginary frequency of 18i(19i)
cm ! is still a genuine minimum since the tiny imaginary

European Journal
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frequency is removed by using a finer integration grid of
(120, 974). The predicted v(CO) and v(CS) vibrational fre-
quencies of 1994, 1951, and 1303 cm™' agree well with the
experimental valuest!”! of 2006, 1954, and 1266 cm'. Struc-
tures 11-1 and 10-1 are found to be genuine minima with
all real vibrational frequencies. These structures derive from
12-1 by loss of one CO group or two CO groups, respec-
tively. The Mn—C(S) and C=S distances gradually decrease
and increase, respectively, from 1.769(1.763) A and
1.565(1.580) A in 12-1 to 1.748(1.737) and 1.581(1.600) A
in 10-1, indicating both stronger o-bonding and =w-back-
bonding as CO groups are lost.

/1.803

%1789
1.161
@ 1177

12-1 (Cs)

11-1 (Cy)

10-1 (Cs)

Figure 2. Optimized structures for mononuclear derivatives. In Fig-
ures 2-8 the upper distances are obtained by the B3LYP method
and the lower distances by the BP86 method.

Table 1. The v(CO) and v(CS) stretching frequencies and infrared
intensities predicted by the BP86 method for the mononuclear
[CpMn(CS)(CO),] (n = 2, 1, 0) derivatives.

v(CO) v(CS)
12-1 (C,) 1994 (a’, 678), 1951 (2", 818) 1303 (a’, 648)
Exp.['7) 2006's, 1954 s 1266 s (CS,)
Exp.['7) 2010, 1959 s 1271 s (Nujol)
11-1 (Cy) 1941 (a, 825) 1277 (a, 553)
10-1 (C,) 1249 (a’, 488)

3.2 Binuclear Derivatives

3.2.1 Coordinately Saturated [ Cp,Mn,(CS),(CO);]

The energy surface of [Cp,Mn,(CS),(CO);] is compli-
cated, since a total of 13 different structures (see Figures 3,
4 and Tables 2, 3) are found within 15.0 kcal/mol. These

23-1 (Cy) 23-2(Cy)

23-3(Cy)

23-4(C,)

Figure 3. Four optimized [Cp,Mn,(CS),(CO);] structures with a single four-electron donor bridging CE (E = O, S) group but without

direct Mn—-Mn bonding.
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/1.769
1.572
1.765 1587

=)
2.051
2255 1315

23-11 (Cy)

Figure 4. Nine optimized [Cp,Mn,(CS),(CO);] structures with direct Mn—Mn interactions.

include four structures with a single four-electron donor
bridging CE (E = O, S) group but without direct Mn—Mn
bonding, five structures with one normal bridging group

Table 2. Relative energies (AE in kcal/mol) and Mn--Mn distances
(Rvinmin in A) for the four energetically competitive optimized
[Cp>Mn,(CS),(CO);] structures with a single four-electron donor
bridging CE (E = O, S) group but without direct Mn--*Mn bonding.
None of the structures has any imaginary vibrational frequencies.

23-1(C) 232(C)  233(C) 234(C)

B3LYP AE 0.0 17 25 42
Rynnn 4715 4.888 5.030 5030

BPS6  AE 0.0 55 7.0 92
Ryin vn 4663 4872 4934 4.988

23-12 (Cy)

and two semi-bridging groups, and four structures with two
bridging groups. All of these structures are reported to be
genuine minima with no imaginary vibrational frequencies.

The four lowest energy [Cp,Mn,(CS),(CO);] structures
all have an end-on CE group bonded to one manganese
atom through the carbon atom and to the other manganese
atom through the chalcogen atom (O or S). In these struc-
tures the manganese atoms are too far apart from each
other (4.6 to 5.0 A: see Table 2) for any direct manganese-
manganese bonding (Figure 3 and Table 2). Structure 23-1
is found to be the global minimum of [Cp,Mn,(CS),(CO);]
by the B3LYP method, but lies 1.5 kcal/mol above a fifth
structure 23-5 (Figure 4) by the BP86 method. The Mn-S

Table 3. Relative energies (AE in kcal/mol), and Mn-Mn distances (R wmn, in A) for the [Cp,Mn,(CS)»(CO),] structures with direct
Mn-Mn bonds. None of these structures has any imaginary vibrational frequencies.

23-5(C))  23-6(Cy)  237(Cy) 23-8(C) 239(Cy) 23-10(C) 23-11(C;) 23-12(Cy) 23-13 (C)

B3LYP AE 4.6 5.3 6.6 7.8 9.6 11.9 12.5 14.7 15.1
Ryin ain 2.808 2.815 2.856 2.862 2.874 2.855 2.843 2.919 2.920

BPS6  AE 15 0.6 0.1 13 32 6.2 6.1 9.0 6.5
Ryvioan  2.771 2.779 2.797 2.805 2.817 2.806 2.756 2.846 2.808
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distance of 2.424(2.354) A in 23-1 indicates an end-on four-
electron donor bridged CS group and no direct Mn--Mn
interaction. Structure 23-1 can be characterized by a v(CS)
vibrational frequency at 1225cm™' for the bridging CS
group (Table S1 in the Supporting Information). A related
four-electron donor bridging thiocarbonyl group has been
found experimentally in (n°-MeC¢Hs)Cr(CO),[CS—Cr-
(CO)s], which is stable enough to be isolated and charac-
terized by X-ray crystallography.”’! The experimental Cr—
C, C-S, S-Cr distances and Cr—C-S angle are 1.747 A,
1.604 A, 2.486 A, and 110.4° respectively, in (n°-MeC¢Hs)-
Cr(CO),[CS—Cr(CO)s]. These structural parameters are
very similar to the corresponding Mn-C, C-S, S-Mn dis-
tances and Mn-C-S angle of 1.741 A, 1.60=0.01 A,
2.39+0.06 A, and 108.8+0.6°, respectively, predicted in
this research for the related [Cp,Mn,(CS),(CO)s;] structure
23-1. This suggests stronger m-back bonding when three
carbonyl groups in a Cr(CO)s unit are replaced by a the
weaker m-acceptor M°-CsHs ligand in an isoelectronic
CpMn unit.

The [Cp>Mn,(CS),(CO);] structure 23-2, at 1.7(5.5) kcal/
mol above 23-1 is predicted to have a nearly end-on
bridging CO group (Figure 3 and Table 2). The next two
related structures, namely 23-3 and 23-4, are predicted to
lie 2.5(7.0) and 4.2(9.2) kcal/mol above 23-1, respectively.
The C=0O distances in the bridging carbonyl group
decrease monotonically from 1.170(1.187) A in 23-2 to
1.164(1.180) A in 23-4, suggesting decreasing n-back-bond-
ing from the Mn atom. In addition, the Mn—O(C) distances
gradually decrease from 2.107(2.060) A in 23-2 to
2.075(2.019) A in 23-4, indicating increasing o-bonding
from oxygen to the Mn atom. In going from 23-4 to 23-
2 via 23-3, the Mn-O-C angles deviate increasingly from
linearity (180°). This may be attributed to effective orbital
overlap of the two fragments. These [Cp,Mn,(CS),(CO);]
structures can be characterized by a rather low v(CO) fre-
quency of 1810+ 4 cm™!, assigned to the four-electron do-
nor end-on bridging carbonyl group. Related end-on bridg-
ing carbonyl groups have been found experimentally in (n°-
CeMeg),Ti(CH;3)«—OC(CO),Mo(n>-CsHs)*8 and in (-
CsMes),V<—OCV(CO)s,*! which are stable enough to be
isolated and structurally characterized by X-ray crystal-
lography. These derivatives have Ti—O(C) and V-O(C) dis-
tances of 2.057 A and 2.075 A, respectively, which are close
to the 2.09 +0.02 A Mn-O(C) distances for the nearly lin-
ear end-on bridging carbonyl groups in structures 23-2 to
23-4.

The [Cp,Mn,(CS),(CO);] structure 23-5 with a bridging
CS group and two semi-bridging CO groups is reported to
lie 4.6(-1.5) kcal/mol above(below) 23-1. The Mn—Mn dis-
tance of 2.808(2.771) A in 23-1 is shortened by
about 0.05(0.04) A relative to that in the lowest energy pre-
dicted structure'” for [Cp,Mn,(CO)s]. This arises mainly
from the effect of the bridging CS group. The following
four [Cp>Mn,(CS),(CO);] structures (from 23-6 to 23-9) are
rather similar to structure 23-5 except for different arrange-
ments of the CS groups. The energies of these four struc-
tures are predicted to lie at most 9.6(3.2) kcal/mol above
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23-1. The Mn—Mn distances in these five structures are pre-
dicted to fall in the narrow range 2.84 + 0.04(2.79 = 0.03) A,
corresponding to the formal Mn—Mn single bonds required
to give each manganese atom the favored 18-electron con-
figuration.

Several doubly bridged [Cp,Mn,(CS),(CO);] structures
were found (Figure 4 and Table 3). Thus structure 23-10, at
11.9(6.2) kcal/mol above 23-1, is predicted to have a normal
two-electron donor bridging CS group and a semibridging
CO group (Figure 4 and Table 3). The long Mn-C distance
to the semibridging CO group is predicted to be
2.829(2.666) A. The [Cp,Mn,(CS),(CO);] structure 23-11,
at 12.5(6.1) kcal/mol above 23-1, has two bridging CS
groups. The B3LYP method indicates one of these CS
groups to be a semibridging CS group with a short Mn—
C(S) distance of 1.779 A and a long Mn-C(S) distance of
2.735 A. However, the BP86 method predicts the Mn—C(S)
distances to the corresponding CS group to be more nearly
equal at 1.820 and 2.255 A. A similar situation occurs in
structure 23-13, at 15.1(6.5) kcal/mol above 23-1, for which
the B3LYP method gives very unequal Mn—C(S) distances
of 1.773 and 2.935 A to the bridging thiocarbonyl group,
whereas the BP86 method give more nearly equal Mn—C(S)
distances of 1.914 and 2.033A. The remaining
[Cp>Mn,(CS),(CO)j;] structure, namely 23-12 with a normal
bridging CO group and a semibridging CO group, lies
14.7(9.0) kcal/mol above 23-1. The Mn-Mn distances of
2.89+0.03 (2.83+0.06) A in these four structures corre-
spond to formal single bonds thereby giving both manga-
nese atoms the favored 18-electron configuration.

3.2.2 [Cp:Mny(CS)2(CO);]

The potential energy surface of [Cp,Mn,(CS),(CO),] is
very complicated since no less than 22 structures have been
optimized for [Cp,Mn,(CS),(CO),]. The details of all of
these 22 structures are of limited chemical interest, particu-
larly since [Cp,Mn,(CS),(CO),] is shown to be thermody-
namically unstable with respect to disproportionation into
[CpaMn,(CS),(CO)3] and [Cp,Mn,(CS),(CO)]. Four se-
lected structures (Figure 5 and Table 4) are discussed here
as representatives of the different structure types and spin
states.

The lowest energy structure for [Cp,Mn,(CS),(CO),],
namely 22-1 (Figure 5 and Table 4), is reported to be a gen-
uine minimum with no imaginary vibrational frequencies.
Structure 22-1 has two non-equivalent bridging CS groups.
One of the CS groups in 22-1 has a very short Mn-S dis-
tance of 2.498(2.492) A suggesting a four-electron donor
bridging n?-pu-CS group. This is also indicated by a rela-
tively low v(CS) frequency of 1124 cm™! (Table S2 in the
Supporting Information). The other CS group is a normal
two-electron donor bridging CS group. The predicted Mn—
Mn distance of 2.707(2.690) A in 22-1 corresponds to a for-
mal single bond, thereby giving both manganese atoms the
favored 18-electron configuration in a [Cp,Mn,(CS),-
(CO),] structure with one four-electron donor bridging n>-
p-CS group.
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2241 (Cy) 22-2 (C)

Figure 5. Four optimized structures for [Cp,Mn,(CS),(CO),].

Table 4. Relative energies (AE in kcal/mol), and Mn-Mn distances
(RpunMns 10 A) for four selected [Cp,Mn,(CS),(CO),] structures.
None of the structures has any imaginary vibrational frequencies
except for 22-2 with an imaginary frequency of 59i cm ! (BP86).

22-1(C)) 22-2(C) 22-3T (C) 224T (C)

B3LYP AFE 0 9.9 0.9 72
Ryvinovn 2.707 2.543 2.687 >4.0

BP86 AE 0 8.7 9.0 259
Ryinovn - 2,690 2.552 2.646 >4.0

The second lowest energy structure of [Cp,Mn,(CS),-
(CO),], namely 22-2, is also a singlet with two bridging CS
groups (Figure 5 and Table 4) and is predicted to lie 9.9(8.7)
kcal/mol above 22-1. Structure 22-2 is predicted to be a gen-
uine minimum by B3LYP but has a small imaginary fre-
quency of 59i cm™! with the BP86 method. Structure 22-2
is derived from the doubly CS-bridged [Cp,Mn,(CS),-
(CO);] structure 23-11 (Figure 4) by loss of a terminal CO
group from the upper Mn atom with concurrent bending of
the n°-CsHsMn bond to fill the resulting gap. The Mn=Mn
distance of 2.543(2.552) A is about 0.2 A shorter than that
in 23-11, suggesting the formal Mn=Mn double bond re-
quired to give both Mn atoms the favored 18-electron rare
gas configurations.

The lowest energy triplet [Cp>Mn,(CS),(CO),] structure
22-3T with only two-electron donor CO and CS groups
(Figure 5 and Table 4) lies 0.9(9.0) kcal/mol above 22-1 with
no imaginary vibrational frequencies. Structure 22-3T is
closely related to 22-2 in that both structures have two
bridging two-electron donor CS groups. However, the
2.687(2.646) A Mn-Mn distance in 22-3T is significantly
longer than that in 22-2 and corresponds to a formal single
bond, thereby giving both manganese atoms the 17-electron
configurations for a binuclear triplet.

The last of the 22 total [Cp,Mn,(CS),(CO),] structures
reported in this paper is 22-4T, lying 7.2(25.9) kcal/mol
above 22-1 with no imaginary vibrational frequencies (Fig-
ure 5 and Table 4). Structure 22-4T may be derived from
the global minimum of [Cp,Mn,(CS),(CO),] (23-1 in Fig-
ure 3) by loss of a terminal CO group from the
CpMn(CS)(CO) fragment. The Mn-S distance of
2.420(2.336) A in 22-4T is slightly shorter than that in 23-1
and the bridging C=S distance of 1.604(1.619) A in 22-4T
is slightly longer than that in 23-1. The predicted v(CS) vi-
4180

www.eurjic.org

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

22-3T (C;)  22-4T (Cy)

brational frequency of 1198 cm ! (Table S2 in the Support-
ing Information) for the four-electron donor end-on bridg-
ing CS group in 22-4T is 27 cm' lower than that in 23-1.

3.2.3 [Cp:Mny(CS),(CO)]

Only two distinct structures were found for [Cp,Mn,-
(CS),(CO)] within 20 kcal/mol of the global minimum 21-1
(Figure 6). Both of these structures are triply bridged, with
two bridging CS groups and one bridging CO group.
Attempts to optimize singly bridged structures of
[Cp>,Mn,(CS),(CO)] led to the triply bridged structures 21-
1 or 21-2T.

21-2T (C,)

Figure 6. Two optimized [Cp,Mn,(CS),(CO)] structures.

The singlet global minimum [Cp,Mn,(CS),(CO)] struc-
ture 21-1 has no imaginary vibrational frequencies. The pre-
dicted triply bridged Mn=Mn distance in 21-1 is very short
at 2.157(2.158) A, consistent with the triply bridged triple
bond required to give both manganese atoms the favored
18-electron configuration. This predicted Mn=Mn bond
length in 21-1 is very close to the experimental Mn=Mn
distance of 2.17 A in the isovalent triply bridged structure
[CpoMn,(u-CO)s], as determined by X-ray crystallogra-
phy.s

The other [Cp>Mn,(CS),(CO)] structure 21-2T is a triply
bridged triplet, lying 10.8(20.4) kcal/mol above 21-1. Struc-
ture 21-2T is predicted to be a genuine local minimum by
the BP86 method but to have two small imaginary fre-
quencies of 55 and 11i cm™! by the B3LYP method. The
bridging carbonyl group in 21-2T is a semibridging car-
bonyl group with a short Mn—C distance of 1.802(1.798) A
and a long Mn-C distance of 2.516(2.452) A. The triply
bridged Mn=Mn distance of 2.310(2.287) A in 21-2T is
about 0.15 A longer than the triply bridged Mn=Mn dis-
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tance in 21-1. This suggests a formal Mn=Mn double bond
in 21-2, thereby giving each Mn atom the 17-electron con-
figuration for a binuclear triplet.

3.2.4 [Cp:Mny(CS),]

Eight structures were optimized for [Cp,Mn,(CS),] (Fig-
ures 7 and 8 and Table 5), including four triplet and four
singlet structures. The global minimum [Cp,Mn,-
(CS),] structure 20-1T is found to be a triplet with two nor-
mal two-electron donor bridging CS groups (Figure 7 and
Table 5). This structure is analogous to the lowest energy
structure predicted!'! for [Cp,Mn,(u-CO),], except for sub-
stitution of two p-CO groups with two p-CS groups. The
predicted Mn=Mn distance of 2.230(2.213) A is quite close
to the previously predicted Mn=Mn triple bond length of
2.204(2.202) A in the [Cp,Mn,(CO),] global minimum.!"
This suggests a formal triple bond in 20-1T, thereby giving
each Mn atom the favored 17-electron configuration for a

20-1T (Ca)

Figure 7. Four optimized triplet [Cp,Mn,(CS),] structures.

20-5 (C,) 20-6 (C1)

Figure 8. Four optimized singlet [Cp,Mn,(CS),] structures.

§ p’ﬂ’
2.297 4 989

2.286 1,928

20-2T (C»)

European Journal
of Inorganic Chemistry

binuclear triplet. An analogous singlet [Cp,Mn,(CS),]
structure 20-5 is predicted to be the lowest lying singlet but
lies 3.5 kcal/mol (BP86) above 20-1T. The Mn=Mn dis-
tance in 20-5 is predicted to be 2.119(2.078) A, which is
about 0.11 A shorter than that in 20-1T. This is consistent
with the formal quadruple bond required to give both Mn
atoms in 20-6 the favored 18-electron configuration. An
analogous singlet structure of [Cp,Mn,(CO),] was found in
the previous DFT study of [Cp,Mn,(CO),] derivatives,!?
also with a very short (ca. 2.1 A) Mn=Mn distance suggest-
ing a similar formal quadruple bond.

The triplet [Cp,Mn,(CS),] structure 20-2T is predicted
to have an SC,S ligand and an Mn--Mn distance of
3.355(3.157) A, which is too long for any direct bonding
(Figure 7 and Table 5). Structure 20-2T lies 1.9 kcal/mol
above 20-1T by the BP86 method but a 7.7 kcal/mol below
20-1T by the B3LYP method. If each manganese atom in
20-2T receives a single electron from a sulfur atom of the

20-8 (C,)

Table 5. Relative energies (AE in kcal/mol), spin expectation values (S?), numbers of imaginary vibrational frequencies (Njyg), and Mn—

Mn distances (Ryin wmn, in A) for the eight [Cp,Mn,(CS),] structures.

20-1T (C,) 20-2T (C,) 20-3T (C,) 20-4T (C;) 20-5(Cy) 20-6 (C)) 20-7 (C,) 20-8 (Cy)

B3LYP AE 0.0 -7.7 2.1 0.9 20.5 23.1 19.5 25.0

(5%) 2.62 2.56 2.17 2.82 0.00 0.00 0.00 0.00

Nimg 0 0 27i 0 0 0 0 0

Mn_Mn 2.230 >4.0 2.752 2.658 2.119 2.572 2.654 2.891

BP86 AE 0.0 1.9 2.6 4.5 3.5 12.4 13.7 16.1

(5%) 2.11 2.03 2.04 2.09 0.00 0.00 0.00 0.00

Nimg 0 0 35i 0 0 0 0 31

Ryin-Mn 2.213 >4.0 2.695 2.564 2.078 2.515 2.642 2.785
Eur. J. Inorg. Chem. 2010, 4175-4186 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4181
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SC,S ligand and an additional single electron from each of
the carbon atoms, then the SC,S ligand functions as a
three-electron donor to each of the two manganese atoms.
This gives each manganese atom in 20-2T a 15-electron
configuration, consistent with a binuclear triplet. A singlet
[Cp>Mn,(CS),] structure 20-7 has a SC,S group that is
bonded to each manganese atom in a similar way as in 20-
2T. However, in the singlet 20-7 the Mn-Mn distance of
2.654(2.642) A is short enough to correspond to a formal
single bond. Since the SC,S ligand donates three electrons
to each manganese atom, both manganese atoms in the sin-
glet 20-7 have a 16-electron configuration. Structure 20-7 is
predicted to lie 19.5(13.7) kcal/mol above 20-1T.

The triplet doubly bridged [Cp,Mn,(CS),] structure 20-
3T (Figure 7 and Table 5) lies 2.1 kcal/mol below 20-1T by
B3LYP but 2.6 kcal/mol above 20-1T by BP86 and is pre-
dicted to have a small imaginary frequency of 27i(35i) cm™!.
The Mn-S distances to the two equivalent bridging CS
groups in 20-3T are short at 2.410(2.349) A, indicating that
both CS groups are four-electron donor n2-u-CS groups.
The Mn-Mn bond length in 20-3T is predicted to be
2.752(2.695) A, indicating the Mn—Mn single bond required
to give both Mn atoms the 17-electron configuration for a
binuclear triplet. The similar singlet [Cp,Mn,(CS),] struc-
ture 20-8 lies 25.0(16.1) kcal/mol above 20-1T. In 20-8 the
Mn-S distances to the equivalent n?-u-CS groups are
2.328(2.326) A. The Mn-Mn distance in the singlet 20-8 at
2.891(2.795) A is similar to that in 20-3T, again indicating
a formal single bond. This gives one Mn atom the favored
18-electron configuration but the other Mn atom only a 16-
electron configuration.

The remaining pair of similar [Cp,Mn,(CS),] structures,
namely 20-4T and 20-6, both have a four-electron donor CS
group and an approximately symmetric bridging CS group
(Figures 7, 8 and Table 5). These two structures are re-
ported to lie above 20-1T by 0.9(4.5) kcal/mol for 20-4T
and by 23.1(12.4) kcal/mol for 20-6. The Mn=Mn distances
predicted to be 2.61 +0.04(2.54 +0.02) A correspond to
formal double bonds, thereby providing a total of 34 elec-
trons for the two Mn atoms. This gives each manganese
atom in the triplet 20-4T a 17-electron configuration. In
the singlet 20-6 one Mn atom has the favored 18-electron
configuration but the other Mn atom has only a 16-electron
configuration.

3.3 Dissociation and Disproportionation Reactions

Table 6 shows the carbonyl dissociation energies for the
reaction [Cp,Mn,(CS),(CO),] — [Cp,Mn,(CS),(CO), ] +
CO. Furthermore these carbonyl dissociation energies are
compared with the energies of the corresponding [Cp,Mn,-
(CO),40] — [Cp M1, (CO),+1] + CO reactions obtained
from a previous theoretical study.'” In order to evaluate
these energy differences the lowest energy structures of the
reactants and products are considered.
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Table 6. Bond dissociation energies (kcal/mol) for successive re-
moval of carbonyl groups from [CpMn(CS)(CO),], [Cp.Mn,-
(CS),(CO),], and related compounds.[’]

B3LYP BPS6
[CPMn(CS)(CO),] — [CpMn(CS)(CO)] + CO 522 61.9
[CPMn(CS)(CO)] — [CpMn(CS)] + CO 53.0 62.9
[CpaMny(CS)»(CO);] — [CpaMny(CS)o(CO),] + CO 24.5 25.5
[CpaMny(CO)s] — [Cp>Mno(CO),] + CO 34.1 424
[CPaMns(CS)5(CO)s] — [CpMny(CS)(CO)] + CO 209 21.1
[CpaMny(CO),] — [Cp>Mns(CO);] + CO 16.2 15.5
[Cp>Mny(CS)»(CO)] — [CpMny(CS),] + CO 415 63.7
[CPsMno(CO)s] — [CpaMns(CO),] + CO 464 67.0

The comparison of carbonyl dissociation energies
(Table 6) suggests greater stability of [Cp,Mn,(CS),(CO)5,]
relative to the all-carbonyl analogue. This is indicated by a
lower carbonyl dissociation energy of [Cp,Mn,(CS),(CO);]
to give [Cp,Mn,(CS),(CO),] + CO relative to that of
[CpaMn,(CO)s] to give [CpoMny(CO)4] + CO; as well as a
higher carbonyl dissociation energy of [Cp,Mn,(CS),-
(CO),] to give [Cp>Mn,(CS),(CO)] + CO relative to that of
[CpoMn,(CO)4] to give [CpoMn,(CO);] + CO. This un-
doubtedly is an effect of the four-electron donor bridging
N%-u-CS group in the lowest energy [Cp,Mn,(CS),(CO),]
structure. Thus the lowest energy structure of the corre-
sponding [Cp>Mn,(CO),] does not have an analogous four-
electron donor 12-u-CO group, but instead only two-elec-
tron donor carbonyl groups and a formal Mn=Mn double
bond.

Table 7 compares the energies for the disproportionation
reactions [2Cp,Mn,(CS),(CO),] — [Cp.Mn,(CS)»(CO),,+1]
+ [Cp,Mn,(CS),(CO),,_;] with those of the corresponding
reactions [2CpoMn,(CO),+o] — [CpoMn,(CO),3] +
[CpoMn,(CO),+1]. These results indicate that [Cp,Mn,-
(CS)5(CO),], like [Cp,Mn,(CO)4], is thermodynamically un-
stable with respect to such disproportionation. However,
the disproportionation energy of [Cp,Mn,(CS),(CO),] is
much lower than that of the corresponding [Cp,Mn,-
(CO)4]. Like the carbonyl dissociation energies discussed
above, the much lower disproportionation energy of
[Cp>Mn,(CS),(CO),] relative to [Cp>Mn,(CO),] may be a
consequence of the four-electron donor bridging nZ-u-CS
group in the lowest energy structure of [Cp,Mn,(CS),-
(CO),], but the lack of an analogous 1?-u-CO group in
[CpoMn,(CO)y4]. In contrast to [Cp,Mn,(CS),(CO),] and
[Cp>Mn,(CO),], the analogous compounds [Cp,Mn,(CS),-

Table 7. Disproportionation energies (in kcal/mol).

B3LYP BP86
[2CpaMny(C8)5(CO),] — [CpaMny(CS)2(CO)s] +
[Cp2Mn,y(CS),(CO)] 3.6 44
[2CpaMny(CO)4] — [CpoMny(CO)s] + 179 270
[CpMny(CO);3] (ref'%) : :
[2CpaMny(CS)5(CO)] — [CpaMny(CS),(CO),] +
[CpMny(CS),] 226 426
[2Cp2Mn,(CO);3] — [CpoMny(CO),] + 301 51.6

[Cp2Mny(CO)y] (ref.'%)
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(CO)] and [Cp,Mn,(CO);] are both very thermodynami-
cally stable with respect to disproportionation (Table 7).

The energies of the binuclear complexes [Cp,Mn,(CS),-
(CO),] with respect to dissociation into two mononuclear
fragments are listed in Table 8. These energies are larger
than 40 kcal/mol except for the end-on CE (E = S, O)
bridged structures 23-1 and 23-2 for [Cp,Mn,(CS),(CO);],
which are found to be 16.0(22.4) kcal/mol and 14.3(16.9)
kcal/mol, respectively. These dissociation energies are some-
what larger than the corresponding chromium dissociation
energies of 9.8(10.1) kcal/mol for analogous (E = S, O)
bridged [Cr,(CS),(CO)o] structures.”!! This shows that the
M<«E=C interactions are strengthened from [(CO);Cr-
(CS)(CO)] to isoelectronic [CpMn(CS)(CO)], presumably
because a Cp ring is a weaker m-acceptor than three car-
bonyl groups.

Table 8. Energies (units in kcal/mol) and basis set superposition
errors (BSSE) for dissociation of the binuclear complexes
[Cp,Mn,(CS),(CO),] into two mononuclear [CpMn(CS)(CO),] or
[CpMn(CS)(CO),,] fragments.

B3LYP BP86
AE  BSSE AE BSSE

[Cp>Mn,(CS)5(CO)5] (23-1) — 160 28 224 26

[CpMn(CS)(CO),] +

[CpMn(CS)(CO)]

[Cp>Mn,(CS)»(CO)5] (23-2) — 143 33 169 32

[CpMn(CS)(CO),] +

[CpMn(CS)(CO)]

[Cp>Mn,(CS)»(CO),] — 437 58.8

[2CpMn(CS)(CO)]

[Cp>Mn,(CS)»(CO),] — 445 59.8

[CpMn(CS)(CO),] + [CpMn(CS)]

[Cp>Mn,(CS)»(CO)] — 75.8 100.6

[CpMn(CS)(CO)] + [CpMn(CS)]

[Cp>Mn»(CS)] — [CpMn(CS)] +  87.3 99.9

[CPMn(CS)]

4. Discussion

For the coordinately saturated binuclear [Cp,Mn,(CS),-
(CO);] complexes, the structures with four-electron donor
“end-on” CE (E = O, S) bridges and no manganese-manga-
nese bond (structures 23-1, 23-2, 23-3, and 23-4 in Figure 3)
are energetically preferred over structures with only two-
electron donor CO and CS groups and a manganese-man-
ganese bond. In such CE bridges the carbon atom is
bonded to one of the manganese atoms through its lone
pair and the chalcogen (E) atom is similarly bonded to the
other manganese atom through its lone pair. No analogous
such structures were found for the carbonyl analogue
[Cp,Mn,(CO)s] in previous research.!'% The [Cp,Mn,(CS),-
(CO);] structure 23-1, in which the bridging group is a thio-
carbonyl group, can be derived from the parent mononu-
clear [CpMn(CS)(CO),] by replacement of one of the car-
bonyl groups with a [CpMn(CS)(CO),] “ligand,” which
bonds to the [CpMn(CS)(CO)] manganese through its sul-
fur atom. The Mn—S—-C-Mn angle of about 109° predicted
for 23-1 is essentially identical to the Cr—S—-C-Cr angle of
about 110° predicted for the corresponding (OC)s-
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CrCS—Cr(CO)s in earlier work. Similarly  the
[Cp>Mn,(CS),(CO);] structure 23-2, in which the bridging
group is a carbonyl group, can be derived from the parent
mononuclear [CpMn(CS)(CO),] (structure 12-1 in Figure 2)
by replacement of one of the carbonyl groups with a
[CpMn(CO);] “ligand,” bonded to the [CpMn(CO),] man-
ganese through the oxygen atom. The [Cp,Mn,(CS),(CO);]
structures 23-1 and 23-2 (Figure 3) are reasonably stable
with respect to dissociation into the mononuclear fragments
[CpMn(CS),(CO)] + [CpMn(CO),] with typical dissoci-
ation energies around ca. 15 kcal/mol. There is thus a dis-
tinct possibility that they can be obtained by the photolysis
of [CpMn(CO)s/CpMn(CS),(CO)] mixtures, at least in low
temperature matrices.

The potential energy surface of [Cp,Mn,(CS),(CO),] is
unusually complicated with 22 structures within 30 kcal/
mol of the lowest energy structure by at least one of the
two DFT methods. This collection of structures presents a
rich cornucopia of possibilities, having singlet and triplet
structures with various structural features. These include
four-electron bridging n?-p-CS groups, various combina-
tions of two-electron donor bridging CO and CS groups in
doubly bridged structures, and even “end-on” four-electron
donor bridging CO or CS groups without manganese-man-
ganese bonds and thus a 16-electron configuration for one
of the manganese atoms. The full details of all 22 of the
predicted [Cp,Mn,(CS),(CO),] structures seem of limited
chemical relevance to the chemistry discussed in this paper
and may eventually be presented in a more specialized ar-
chival journal. This paper presents only four representative
[Cp>Mn,(CS),(CO),] structures (Figure 5), chosen to illus-
trate the lowest energy structures representing various
structural features. The lowest energy [Cp>,Mn,(CS),(CO),]
structure 22-1 has a four-electron donor bridging n?-pu-CS
group and an Mn—Mn distance of about 2.7 A correspond-
ing to a formal single bond. No analogous [Cp,Mn,(CO),4]
structures with an analogous four-electron donor bridging
n2-u-CO group were found in previous research.!'% Instead,
the lowest energy [Cp,Mn,(CO),4] structure was found to
have only two-electron donor carbonyl groups, including
two semibridging carbonyl groups, as well as a shorter
Mn=Mn distance of about 2.5 A, indicative of a formal
double bond. An analogous structure 22-2 (Figure 5) is also
found for [Cp>Mn,(CS),(CO),] with an Mn=Mn distance
of 2.55+0.01 A. In structure 22-2 (Figure 5) the bridging
groups are thiocarbonyl groups and they are closer to being
symmetrical with short M—C(S) distances of about 1.8 A
and long M-C(S) distances of 2.1-2.2A. Singlet
[Cp>Mn,(CS),(CO),] structures, with either one four-elec-
tron donor m?-p-CS group and a formal Mn—Mn single
bond or all two-electron donor CO and CS groups, whether
bridging or terminal, and a formal Mn=Mn double bond
have the favored 18-electron configuration for the manga-
nese atoms.

The [Cp,Mn,(CS),(CO),] structures 22-3T and 22-4T
(Figure 5) are representatives of triplet [Cp,Mny(CS),-
(CO),] structures. Structure 22-3T is similar to 22-2 with
two two-electron donor bridging thiocarbonyl groups.

[21]
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However, the Mn—Mn distance in 22-3T of 2.66 = 0.03 A is
about 0.1 A longer than that in 22-2, consistent with a for-
mal single rather than double bond. This gives each manga-
nese atom in 22-3T the 17-electron configuration required
for a binuclear triplet. The [Cp,Mn,(CS),(CO),] structure
22-4T is an example of an unsaturated structure with an
“end-on” four-electron donor CS group and no manganese-
manganese bond. The manganese atom bonded to the car-
bon atom of the bridging CS group in 22-4T has only a 16-
electron configuration, which, in this case, leads to triplet
spin multiplicity.

A characteristic of [Cp>,Mn,(CS),(CO),] is the predicted
exothermic disproportionation into [Cp,Mn,(CS),(CO);] +
[Cp>Mn,(CS),(CO)], with a predicted energy of 4 kcal/mol.
However, this disproportionation is significantly less favor-
able than the corresponding disproportionation of
[CpaMn,y(CO),] into [CpMny(CO)s] + [CpaMny(CO)s),
which is predicted!'”’ to be exothermic by 22 + 5 kcal/mol.
The much lower disproportionation energy of [Cp,Mn,-
(CS),(CO),] relative to [Cp>Mn,(CO),] is probably a conse-
quence of the four-electron donor bridging n?-p-CS group
in the former.

The compound [Cp>Mn,(CS),(CO)] has a very simple
potential energy surface, particularly when compared with
the very complicated potential energy landscape of
[Cp>Mn,(CS),(CO),]. Thus only one singlet and one triplet
structure are found for [Cp,Mn,(CS),(CO)] (Figure 6). In
both structures all three CE groups (E = O, S) are bridging
groups. The singlet [Cp,Mn,(CS),(CO)] structure 21-1 lies
15 £ 5 kcal/mol below the triplet structure 21-2T. Further-
more, the singlet [Cp,Mn,(CS),(CO)] structure 21-1 is very
similar to that of the corresponding pure carbonyl deriva-
tive [Cp,Mn,(CO);] by not only having three bridging CE
groups but also having a very similar Mn=Mn distance of
about 2.16 A as compared with the experimental Mn=Mn
distancel™ of 2.17 A in [Cp,Mn,(CO);]. The very high CO
dissociation energy of 21-1 at 53 = 12 kcal/mol, the highly
endothermic disproproportionation energy of 21-1 of
32 =10 kcal/mol, and the very high energy of 88 = 13 kcal/
mol for the fragmentation [Cp,Mn,(CS),CO] —
[CpMn(CS)(CO)] + [CpMn(CS)] all predict considerable
stability for [Cp,Mn,(CS),(CO)]. This suggest [Cp,Mn,-
(CS),(CO)] as an interesting synthetic objective, possibly by
the photolysis of [CpMn(CS)(CO),] analogous to the re-
ported™ synthesis of [Cp,Mn,(CO);].

The lowest energy [Cp>Mn,(CS),] structure 20-1T (Fig-
ure 7) is a doubly bridged triplet with a predicted Mn=Mn
distance of 2.22+0.01 A, which is close to the 2.16 A
Mn=Mn triple bond length in [Cp,Mn,(u-CS),(u-CO)] (21-
1 in Figure 6). This suggests a formal triple bond in 20-
1T, thereby giving both manganese atoms the 17-electron
configurations for a binuclear triplet. The slightly longer
Mn=Mn distance in 20-1T relative to the Mn=Mn distance
in 21-1 may relate to the fact that 21-1 has three bridging
groups, whereas 20-1T has only two bridging groups. A sin-
glet [Cp,Mn,(CS),] structure 20-5 (Figure 8) is also found,
lying above the triplet structure 20-1T by 20.5(3.5) kcal/
mol.
4184
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The Mn=Mn distance of 2.10 + 0.02 A in the singlet 20-
5 is about 0.12 A shorter than that in the triplet 20-1T. This
suggests a formal manganese-manganese quadruple bond
in 20-5 thereby leading to the favored 18-electron configura-
tion for a binuclear singlet. No examples of manganese—
manganese quadruple bonds are known experimentally.
The slightly lower energy of binuclear triplet structures with
formal M=M triple bonds and 17-electron configurations
for each metal atom (compared with isomeric binuclear sin-
glet structures with formal M=M quadruple bonds and 18-
electron configurations for each metal atom) is a common
feature in the chemistry of unsaturated cyclopentadienylme-
tal carbonyl derivatives, including not only the analogous
[Cp>Mn,(CO),] (ref. 10) but other related compounds such
as [Cp,Cry(CO);] (ref.*%) and Cp,V,(CO), (ref.lBM).

Structures with one or two four-electron donor bridging
n2-u-CS groups are also predicted for [Cp,Mn,(CS),]. The
structures with one four-electron donor n?-pu-CS group,
namely the triplet 20-4T (Figure 7) and the singlet 20-6
(Figure 8), have manganese-manganese distances of
2.61+0.05 A for the triplet and 2.54 +0.03 A for the sing-
let. Similarly, the [Cp,Mn,(CS),] structures with two four-
electron donor n2-p-CS groups, namely the triplet 20-3T
(Figure 7) and singlet 20-8 (Figure 8) have manganese-
manganese distances of 2.72+0.3 A for the triplet and
2.84+0.05 A for the singlet. The constraints of the four-
electron donor n?-pu-CS group(s) make it difficult to corre-
late formal bond order with the manganese-manganese dis-
tances in such systems.

The remaining two [Cp,Mn,(CS),] structures, namely the
triplet 20-2T (Figure 7) and the closely related singlet 20-7
(Figure 8) are of interest since the two CS groups have cou-
pled to form an SCCS ligand by forming a new C-C bond
with C-C distances of 1.374(1.513)A in 20-2T and
1.372(1.397) A in 20-7. This SCCS ligand bridges the two
manganese atoms as a bridging trihapto ligand in both di-
rections. The Mn*-Mn distance in the triplet 20-2T is
3.28+0.08 A, suggesting no direct interaction. However,
the Mn—Mn distance in the corresponding singlet 20-7 of
2.65+0.01 A is short enough to indicate a formal single
bond. The SCCS ligand in 20-2T and 20-7 can be derived
from the double deprotonation of acetylenedithiol,
HSC=CSH. Acetylenedithiol is unknown experimentally
and is likely to be too unstable for isolation. However, it
has been studied theoretically.®?! With this interpretation,
each sulfur atom of the acetylenedithiolate dianion is
bonded to a single manganese atom and donates one elec-
tron to that manganese atom, with two lone pairs remaining
on each sulfur atom (Figure9). The acetylene unit is
bonded to both manganese atoms, thereby donating two
electrons to each manganese atom. Formally the two elec-
trons for one manganese atom come from one of the T com-
ponents of the C=C triple bond and the two electrons for
the other manganese atom come from the other m compo-
nent of the C=C triple bond. Thus the acetylenedithiolate
unit, considered formally as a neutral ligand bonding in this
manner, donates a total of three electrons to each manga-
nese atom, namely one through the sulfur atom and the
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other two electrons through one © component of the C=C
triple bond. In the [Cp,Mn,(CS),] singlet 20-7 with an Mn—
Mn single bond, the Mn,C, unit forms a tetrahedron and
each manganese atom has a formal 16-electron configura-
tion. The Mn,C, tetrahedron in 20-7 is analogous to the
Co,C, tetrahedron found in the well-known [(alkyne)-
Co,(CO)g] complexes, first synthesized in 1956.535%1 In the
[CpaMn,(CS),] triplet 20-2T with no Mn-Mn bond, the
Mn,C, unit forms a butterfly structure (two triangles shar-
ing an edge) and each manganese atom has a formal 15-

electron configuration.
& 2. O
\.
.S.o

/ n Mn

Mn—Mn
157 150 N / \\//
\(lzél/ : NN
Singlet (20-7)

Mn,C, tetrahedron
Mn-Mn bond

Triplet (20-2T)
Mn,C, butterfly
No Mn'Mn bond

Figure 9. Schematic representation of an acetylenedithiolate ligand
bridging two manganese atoms in the singlet [Cp,Mn,(CS),] struc-
ture 20-7 and the triplet [Cp,Mn,(CS),] structure 20-2T, assuming
that the (neutral) acetylenedithiolate ligand acts as a three-electron
donor to each manganese atom and two lone pairs formally remain
on each sulfur atom. If the acetylenedithiolate ligand is a five-elec-
tron donor to each manganese atom, then one of the two lone pairs
on each sulfur atom is also donated to a manganese atom.

There is also an alternative model for the bonding of the
bridging acetylenedithiolate ligand to the two manganese
atoms in 20-2T and 20-7, if there is additional involvement
of one of the two lone pairs on each sulfur atom in the
manganese-sulfur bonding (Figure 9). In this case the sulfur
atoms each provide three electron donors one of the manga-
nese atoms. This makes the acetylenedithiolate (C,S,) li-
gand a five-electron donor to each metal atom, thereby giv-
ing each manganese atom the favored 18-electron configu-
ration in the singlet 20-7 and the typical 17-electron config-
uration in the binuclear triplet 20-2T. The alternatives of
the bonding of the acetylenedithiolate ligand as a three-
electron donor to each metal atom or as a five-electron do-
nor to each metal atom by different involvement of the sul-
fur lone pairs is not clear from available information from
our theoretical studies.

5. Summary

These theoretical explorations of the binuclear cyclopen-
tadienylmanganese carbonyl thiocarbonyls, [Cp,Mn,(CS),-
(CO),] have led to the elucidation of two types of four-elec-
tron donor bridging thiocarbonyl ligands. The lowest en-
ergy structures of the saturated [Cp,Mn,(CS),(CO);] have
CS or CO ligands bridging the two manganese atoms by
forming a manganese-carbon bond with one manganese
atom and a manganese-sulfur bond with the other manga-
nese atom. In such structures the manganese-manganese
distances are far too long for any direct metal-metal bond-
ing. The lowest energy structure of [Cp,Mn,(CS),(CO),]
has a different type of bridging CS group; namely a n’-p-
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CS group, which is bonded to one manganese atom through
a direct manganese-carbon bond and to the other manga-
nese atom through one of the m-components of the C=S
triple bond of the thiocarbonyl group. Such a bridging n-
u-CS group is accompanied by a Mn-Mn bond. The still
more unsaturated [Cp,Mn,(CS),(CO)] has a triply bridged
structure very similar to that of the analogous
[CpaMn,y(CO);], in which the Mn=Mn distance is short
enough for a formal triple bond. The lowest energy struc-
ture for the carbonyl-free [Cp,Mn,(CS),] is a triplet, also
with a formal Mn=Mn triple bond. A higher energy singlet
[CpoMn,(CS),] structure is found with a very short
Mn=Mn distance of about 2.1 A suggesting the formal
quadruple bond required to give each Mn atom the favored
18-electron configuration. Other higher energy singlet and
triplet [Cp,Mn,(CS),] structures are found in which the two
CS ligands have coupled to form a bridging SCCS ligand,
derived from the deprotonation of acetylenedithiol,
HSC=CSH, which is unknown in the free state.

Supporting Information (see also the footnote on the first page of
this article): Tables S1-S4: The v(CO) and v(CS) stretching fre-
quencies and infrared intensities predicted for [Cp,Mn,(CS),-
(CO);] (13 structures), [CpMny(CS),(CO),] (4 structures),
[Cp>Mn,(CS),(CO)] (2 structures), and [Cp,Mn,(CS),] (8 struc-
tures) using the BP86 method; Tables S5-S34: Theoretical Car-
tesian coordinates for mononuclear [CpMn(CS)(CO),] (n =2, 1, 0)
(3 structures), [Cp,Mn,(CS),(CO);] (13 structures), [Cp,Mn,-
(CS),(CO),] (4 structures), [Cp,Mn,(CS),(CO)] (2 structures), and
[Cp>Mn,(CS),] (8 isomers) using the B3LYP method; complete
Gaussian 03 ref.[*3]
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“Piano-Stool” Complexes of Ruthenium(II) Designed with Arenes and
N-[2-(Arylchalcogeno)ethyllmorpholines: Highly Active Catalysts for the
Oxidation of Alcohols with N-Methylmorpholine N-Oxide, tert-Butyl
Hydroperoxide and Sodium Periodate and Oxychloride

Pradhumn Singh!®! and Ajai K. Singh*!2!
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The reactions of [{(n%-CgHg)RuCl(u-Cl)},] and [{(n®-p-cymene)-
RuCl(p-Cl},] with N-[2-(arylchalcogeno)ethyllmorpholines
(L) (aryl = Ph/2-pyridyl for S, Ph for Se, 4-MeOCgzH, for Te)
and NH4PFg result in “piano-stool” complexes of Ru' of com-
position [RuCl(n®-C¢Hg) (L)][PFs])/[RuCl(n®-p-cymene)(L)]-
[PFg], which give characteristic 'H, *C{'H}, 7’Se{'H}, and
125Te{'H} NMR spectra. Some of them have also been charac-
terized by X-ray crystallography [Ru-S, Ru-Se, and Ru-Te
bond lengths: 2.3815(12)/2.3742(14), 2.4837(14), and
2.6143(7) A, respectively]. The cyclic voltammograms show

that all the complexes undergo irreversible oxidation (E,, =
0.290-0.586 V). All the ruthenium complexes have been ex-
plored for their catalytic activity in the oxidation of primary
and secondary alcohols with N-methylmorpholine N-oxide
(NMO), tBuOOH, NaOCl, and NalO, (TON values upto
9.8 X 10%). The efficiency of the catalytic oxidation reaction
decreases in the order Te>Se >S. The intermediate species
involved in the oxidation reactions appear to incorporate the
Ru'V=0 group.

Introduction

The current interest in “piano-stool” complexes of Ru'l
having an n°-benzene or n°p-cymene unit stems from the
fact that some of them are known for their diverse catalytic
activities. Siiss-Fink et al. carried out the hydrogenation of
benzene using a cluster with Ru(n®-arene) units.['l (Arene)-
ruthenium complexes with salicyloxazolines are suitable as
asymmetric catalysts for Diels—Alder reactions.”! The com-
pounds [Ru=C=C=CR,(L)(Cl)(arene)][PF¢] (L = PCys,
PiPr3) have been reported by Dixneuf and co-workers to be
excellent catalyst precursors for ring-closing olefin metathe-
sis.’] The atom-transfer radical polymerization of methyl
methacrylate has been catalyzed by [RuCly(n®-p-cy-
mene)(PCy;)].¥! Dixneuf and co-workers have reported that
the in situ generated catalyst from [RuCl,(n°-p-cymene)],
and a pyrimidinium or benzimidazolium salt in the pres-
ence of Cs,COj selectively promotes the diarylation of 2-
pyridylbenzene with aryl bromides.’] The acetate-assisted
C-H activation of 2-substituted pyridines with [RuCl,(n°-
p-cymene)], has been reported by Davies and co-workers.[%!
A variety of neutral (carbene)ruthenium complexes,

[a] Department of Chemistry, Indian Institute of Technology
Delhi,
New Delhi 110016, India
Fax: +91-11-26581102
E-mail: aksingh@chemistry.iitd.ac.in
ajaiS7@hotmail.com
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201000319.

Eur. J. Inorg. Chem. 2010, 4187-4195

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

[RuCl,(carbene)(arene)], have been used in the catalytic syn-
thesis of furans.”l Kharasch additions are catalyzed by
[RuCl,(n°-p-cymene)(PAr3)].!¥! Demonceau and co-workers
recently reported the exceptional efficacy of [RuCly(n%-p-
cymene)(PR3)] complexes as a catalyst precursor for the
ring-opening metathesis polymerization of low-strain cyclic
olefins.’! Chiral cationic (n°-arene)(pyridylamino)rutheni-
um(IT) complexes act as enantioselective catalysts in Diels—
Alder reactions with good exolendo selectivity.l'” The half-
sandwich compounds of Ru!! show promising anticancer
activity.[!'!"13] Thiolate ligand oxygenation is believed to ac-
tivate cytotoxic half-sandwich [Ru(n®-arene)(en)(SR)]*
complexes towards DNA-binding.!'®! (arene)Ru'' complexes
with pyrone-derived ligands are rendered active against can-
cer cells by the replacement of the coordinated (O,0) donor
with the (S,0) donor.['] Hartinger and co-workers['® have
reported that promising cytotoxic effects of water-soluble
dinuclear (arene)Ru complexes in human cancer cells can
be increased by increasing the spacer length between metal
centers. The interaction of [RuCly(n°-p-cymene)(pta)], re-
ported to be an effective anticancer and antimetastatic
agent, with biological nucleophiles, important with respect
to the mechanism of action, has been studied.['”] Organo-
metallic (arene)ruthenium(I) complexes coordinated to
maltol-derived ligands have been prepared and their anti-
cancer activity against human tumor cell lines studied.!?’]
Therrien and co-workers found that water-soluble (arene)-
ruthenium complexes containing pyridinethiolato ligands
show cytotoxicity towards ovarian cancer cells.?!l In vitro
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studies by Dyson and co-workers have revealed that the
(3,5,6-bicyclophosphite-a-D-glucofuranoside)(n®-p-cymene)-
dihalogenidoruthenium(II) complex is the most cytotoxic
compound for human cancer cell lines.[*?l Because morph-
oline derivatives are biologically active,>*>2% it is worth-
while gaining an understanding of the chemistry of half-
sandwich compounds that have such ligands. Therefore, the
ligands L1-L4 have been designed and their Ru'’ complexes
with the (n%-benzene/n’-p-cymene) unit synthesized. Their
catalytic activity in the oxidation of alcohols with N-meth-
ylmorpholine N-oxide (NMO), tert-butyl hydroperoxide
(1 BuOOH), sodium oxychloride (NaOCI), and sodium per-
iodate (NalO,4) have also been explored. The results of all
these investigations are presented in this paper.

9 87 6

1
8 7 6 5 3 2 O\/\/—\ N—
o) 4 \—~
TN NS L2
4 3
E =S, Se, Te (L1, L3, L4) L2

Results and Discussion

Scheme 1 summarizes the syntheses of L1-L4 and their
“piano-stool”-type ruthenium(Il) complexes. L1 was pre-
pared by a synthetic procedure different to that previously
reported; our synthetic procedure is easier and also gives a
better yield.[*®! Furthermore, L1 is also commercially avail-
able. Similarly, the procedure described herein for the syn-
thesis of L4 by using a different workup procedure (diethyl
ether/water) resulted in a better yield than that reported
previously.?”-?8] The molar conductance values in acetoni-
trile (see Exp. Sect.) indicates a 1:1 electrolyte nature of the
complexes 1-6, which are soluble in CH3;OH, CH;CN,
CH,Cl,, and CHCI;. Their solutions in DMSO show signs
of decomposition within a few hours. The complexes 1, 3, 4,
and 6 were characterized by X-ray crystallography; crystals
suitable for X-ray diffraction could not be grown for 2 or
5. The ORTEP diagrams of 1, 3, 4, and 6 are given in Fig-
ures 1, 2, 3, and 4, respectively. There are inter- and intra-
molecular Cl--*H and F---H interactions [2.630(8)-2.856(2)
and 2.308(9)-2.863(9) A, respectively] in all crystals except
for 6 in which intermolecular Cl---H interactions are not
observed (see Figures S1-S7 and Table S3 in the Supporting
Information). The crystal packing appears to be one of the
reasons for these interactions, which are strongest in 1, in
which the chalcogen is sulfur, and weakest in 6, which has
tellurated morpholine as the ligand. The F+-H interactions
in the case of 4 are shown in Figure 5.

There is a pseudo-octahedral half-sandwich “piano-
stool” disposition of ligands around the ruthenium atom in
the cations of 1, 3, 4, and 6. The arene ring occupies one
face of the octahedron and CI and L (L.1-L4) the opposite
one. The Ru-S bond length in the cation of 1 is
2.3815(12) A, somewhat longer than that in 3
[2.3742(14) A]. Both are within the range 2.3548(15)—
2.4156(9) A in which the Ru-S bond lengths of [(n°-C¢Hg)
ruthenium(IN)CI(S,N)ligand]*,  [(n®-C¢Hg)ruthenium(II)-
4188
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Scheme 1. Synthesis of L1-L4 and their “piano-stool”-type Ru'!
complexes. (a) [{(n®-Ce¢Hg)RuCl(u-Cl)},], NH4PFs;, MeOH, r.t.,
12 h; (b) [{(n°-p-cymene)RuCl(u-Cl)},], NH4PF,, MeOH, r.t., 15 h.

Figure 1. ORTEP diagram of the cation of 1 with ellipsoids at the
50% probability level. Hydrogen atoms and the PFq anion have
been omitted for clarity. Bond lengths [A]: Ru(1)-S(1) 2.3815(12),
Ru(1)-N(1) 2.208(3), Ru(1)-CI(1) 2.394(12), Ru(1)-C 2.181(4)—
2.224(4); bond angles [°]: CI(1)-Ru(1)-S(1) 81.94(4), N(1)-Ru(1)-
S(1) 83.06(9), N(1)-Ru(1)-CI(1) 85.28(9).

Figure 2. ORTEP diagram of the cation of 3 with ellipsoids at the
30% probability level. Hydrogen atoms and the PF4 anion have
been omitted for clarity. Bond lengths [A]: Ru(1)-S(1) 2.3742(14),
Ru(1)-N(1) 2.205(4), Ru(1)-CI(1) 2.3996(15), Ru(1)-C 2.172(6)—
2.196(6); bond angles [°]: CI(1)-Ru(1)-S(1) 82.26(5), N(1)-Ru(1)—
S(1) 82.62(11), N(1)-Ru(1)-CI(1) 82.32(11).
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Figure 3. ORTEP diagram of the cation of 4 with ellipsoids at the
30% probability level. Hydrogen atoms and the PF4 anion have
been omitted for clarity. Bond lengths [A]: Ru(1)-Se(1) 2.4837(14),
Ru(1)-N(1) 2.234(8), Ru(1)-CI(1) 2.413(3), Ru(1)-C 2.172(13)—
2.220(12); bond angles [°]: CI(1)-Ru(1)-Se(1) 80.57(9), N(1)-
Ru(1)-Se(1) 83.50(2), N(1)-Ru(1)-CI(1) 85.90(2).

Figure 4. ORTEP diagram of the cation of 6 with ellipsoids at the
30% probability level. Hydrogen atoms and the PFq anion have
been omitted for clarity. Bond lengths [A]: Ru(1)-Te(1) 2.6143(7),
Ru(1)-N(1) 2.238(4), Ru(1)-CI(1) 2.4078(14), Ru(1)-C 2.159(7)-
2.217(8); bond angles [°]: CI(1)-Ru(1)-Te(1) 80.25(4), N(1)-Ru(1)-
Te(1) 84.61(10), N(1)-Ru(1)-CI(1) 86.21(10).
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(S,N,Se)ligand]*, [Cp*Ru(PMes),(SCcF4H)], and [Cp*Ru-
(NO)(SC4F4H),] are reported?®31 to fall. Complex 4 is a
new example of the little known (n°-arene)(seleno ether)ru-
thenium(I) complex (arene = n°%CgHg or nl-p-cy-
mene).1?%3%-32 The Ru-Se bond length of the cation of 4
[2.4837(14) A] is consistent with the value reported for the
half-sandwich complex of Ru" with N-[2-(phenylseleno)-
ethyl]pyrrolidine!?®! [2.4770(5)-2.480(11) A] and falls within
the range 2.4756(10)-2.5240(9) A reported for the Ru-Se
bond lengths in the clusters [Rus(us-Se)(CO)/(pn3-CO)(u-
dppm)] and [Rus(p3-Se)(ps-S)(CO)(n-dppm)].** For the
Ru'V complex [Cp*Ru{n>-Se,P(iPr),}{n>-SeP(iPr),}|[PFq],
the Ru-Se bond lengths?! are reported to be in the range
2.538(2)-2.590(2) A, longer than that in the cation of 4 as
a result of steric crowding. The Ru—Se bond length found
in the dimetallic species [CpRu(CO)(C=CPh)(u-Se)ZrCp-]
[2.494(1) AP is closer to that in the cation of 4. In [Ru(n®-
CsMes)(p2-SeR);Ru(n’-CsMes)]CL (R = tolyl), the Ru-Se
bond lengths are in the range 2.446(4)-2.466(4) AR and
shorter than that in the cation of 4, because RSe™ is ex-
pected to be bonded more strongly than the seleno ether.
In the diselenide-bridged complex [Ru(n’-CsMes)(PPhs)],-
(1-Se»)»(Otf),, the Ru-Se bond lengths are 2.518(1) and
2.556(1) A3 respectively, somewhat longer than that in
the cation of 4.

In the cation of complex 6, ligand L4 is coordinated to
Ru in a bidentate (Te,N) mode, forming a five-membered
chelate ring. The Ru-Te bond length [2.6143(7) A] of the
cation of 6 is consistent with earlier reports of 2.619(8) A
for [RuCly(n®-p-cymene)L] [L = 2-(4-ethoxyphenyltelluro-

Figure 5. ORTEP diagram showing the P-F+--H interactions in 4. Distances [A]: P(1)-F(1)-+H(2) 2.594(10), P(1)-F(2)--H(7B) 2.810(15),
P(1)-F(4)~-H(12A) 2.394(10), P(1)-F(5)--H(10A) 2.638(16), P(1)-F(6)-*H(15A) 2.463(14).

Eur. J. Inorg. Chem. 2010, 4187-4195
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methyl)tetrahydro-2H-pyran]®’! ~ and  shorter  than

2.6371(4) A reported for [RuCl(n®-p-cymene)(H,NCH,CH,-
TeCcH,OMe)]CI-H,O.8] 1t is also shorter than the reported
value 2.6528(9) A for dichloro(n%-p-cymene){bis[2-(2-thienyl)-
ethyl] telluride} ruthenium(II),®! 2.651(5) A for [RuCl,(n°-
p-cymene){bis[(1,3-dioxan-2-yl)ethyl] telluride}],*”1 and
2.6559(9) A for [RuCly(n%-p-cymene)(N-{2-(4-methoxy-
phenyltelluro)ethyl} phthalimide)].™*!! The hybrid organotel-
lurium ligands in all these complexes of Ru'(n%-p-cymene)
bind in a monodentate mode through Te, and this may be
responsible to some extent for their longer Ru-Te bonds.
The bond angles at the coordinating S, Se, and Te atoms
are as expected for near trigonal-pyramidal geometry.

The Ru-C bond lengths of the cations of 1, 3, 4, and
6 [2.159(7)-2.224(4) A] are consistent with those in earlier
reports29-30-33.37.39-461 7 168(5)-2.228(5) A]. The C-Ru-C
bond angles are normal. The Ru-Cl bond lengths (sum of
the covalent radii ca. 2.24 A) of 1 and 3 are 2.394(12) and
2.3996(15) A, respectively, similar and consistent with the
value 2.3914(12) A reported® for [(n%-CgHg)ruthenium(II)-
CI(S,N)ligand]*. For the cation of 4, the Ru—Cl bond length
[2.413(3) A] is consistent with those of 1 and 3. The Ru—Cl
bond length of the cation of 6 [2.4078(14) A] is consistent
with those in earlier reports of 2.415(2)/2.422(2) A for
dichloro(n®-p-cymene){bis[2-(2-thienyl)ethy]] telluride}-
ruthenium(IDB and 2.417(2)-2.436(2) A for [RuCly(n%-p-
cymene)L] (L = monodentate Te ligand)*+41 and
[RuCl{n2-C,N-C6H3(CH2NM62)2-2,6} {1’]6-C10H14}].[47] Itis
somewhat longer than the value 2.308(2) A reported for
[(n®-p-cymene)RuCl(H,NCH,CH,TeC¢H,OMe)]CIl-H, 0,38
but the difference with the values for 1, 3, and 4 are not
very significant.

The Ru-N bond lengths (sum of the covalent radii ca.
1.95 A) of the cations of 1, 3, 4, and 6 are 2.208(3), 2.205(4),
2.234(8), and 2.238(4) A, respectively. The first two are con-
sistent with each other and with those of the half-sandwich
complex of Ru! with N-{2-(phenylseleno)ethyl}pyrrolidine
[2.190(3)-2.201(5) A].2! The final two values are also con-
sistent with each other, but larger than the first two and
those of complexes in several recent literature reports
[2.0511(17)-2.163(10) A].3343 In the half-sandwich com-
plexes of [RuCl(n®-p-cymene)|*32! with several nitrogen li-
gands, the Ru—N bond lengths have been reported generally
to be between 2.060(5) and 2.156(2) A, less than those of 1,
3, 4, and 6. The bond angles at the coordinating N atoms
are as expected for near-tetrahedral geometries.

The NMR spectroscopic data for complexes 1-6 are con-
sistent with the structures revealed by single-crystal X-ray
diffraction. The signals in the 7’Se{'H} NMR spectra of 4
and 5 appear shifted to a higher frequency (by ca. 100 ppm)
in comparison with that of free L3 as Se is coordinated
to the ruthenium center. Similarly, in the '>Te{'H} NMR
spectrum of 6 the signal appears at a frequency much
higher (by ca. 260 ppm) than that of free L4. In the 'H and
I3C{'H} NMR spectra of 1-6, the signals of all the protons
and carbon atoms appear at a higher frequency than those
of the free ligands, which coordinate to the ruthenium atom
in a bidentate mode. However, the magnitude of the shift
4190

www.eurjic.org

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

to higher frequency is much larger for C5 to C7 (by up to
45 ppm) in the *C{'H} NMR spectra and for the protons
(up to 1 ppm) attached to them. Furthermore, in the 'H
and BC{'H} NMR spectra of 6, the signals experience a
much larger shift to higher frequency (by ca. 45 and
1.07 ppm, respectively) than those of the other complexes.

The complexes 1-6 were tested in the catalytic oxidation
of primary and secondary alcohols (Scheme2). The
alcohols were oxidized with NaOCl and NalO, at pH = 9-
10 because of earlier reportst®*>4 that suggested that this
pH range is optimum. A series of blank experiments were
carried out under identical conditions (see the Exp. Sect.),
which suggests that neither the ruthenium(II) complexes
nor the oxidants (NMO, tBuOOH, NaOCI, or NalOy,)
alone cause the catalytic oxidation to any significant extent.
The cyclic voltammetric experiments performed at 298 K in
CH;CN (0.01 m nBuyNClO, as supporting electrolyte) for
1-6 at a scan rate of 100 mVs! (anodic sweep) reveal a
one-electron irreversible oxidation with E;, values of
0.290-0.586 V (vs. Ag/AgCl; see Table S4 and Figures S8—
S13 in the Supporting Information), which is not extreme,
implying that both Ru'! and Ru' are equally stabilized by
the same set of ligands. The narrow range of Ej,, has pre-
viously been reported to be favorable for the catalytic oxi-
dation process;>>>°l however, no 1:1 relationship has une-
quivocally been established.

OH . o}
Catalyst : 0.001 mol-%
)J\ , + HO
R R' a,bor c R R
Catalyst: 16 a: NMO / CH,CI, / reflux /3 h

b: tBUOOH / CH ,Cl,/r.t. /3 h

R= R'= Alkyl I (or) H
yHenam N H -\ a0Cl or NalO, / CH,Cl, / 1t/ 3 h

Scheme 2. Oxidation of alcohols catalyzed by 1-6.

The TON values are given in Table 1 for the oxidation
(catalyzed by 1-6) of various alcohols by four oxidants,
namely N-methylmorpholine N-oxide (NMO), tert-butyl
hydroperoxide (1BuOOH), sodium oxychloride (NaOCI),
and sodium periodate (NalQ,). For all four oxidants 6 ap-
pears to be the most efficient of all six Ru species. The ben-
zene derivatives show somewhat better catalytic efficiency
than their p-cymene counterparts (Table 1). The catalytic
efficiency varies with chalcogen ligands in the order
Te>Se>S, which is also the order of “softness” of these
donor sites. The softer ligand makes easier the formation
of Ru'V=0 species, which are believed to be the intermedi-
ates in the oxidation process on the basis of several observa-
tions mentioned below. Undoubtedly, unambiguous deter-
mination of the mechanism of these oxidative transforma-
tions is not straightforward as the intermediate species are
of low stability. On the basis of earlier work[>3-3437-5% and
some of the observations made by us, the mechanism of the
catalytic oxidation appears to involve Ru'V=0 species that
seem to be formed by free radicals (generated by heterolytic
cleavage of the oxidants). The addition of AIBN [a free-
radical initiator, azobis(isobutyronitrile)] to the oxidation of
benzyl alcohol in the presence of 6 (most efficient catalyst)

Eur. J. Inorg. Chem. 2010, 4187-4195
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Table 1. Catalytic oxidation of primary and secondary alcohols by using complexes 1-6 as catalyst.[?!

Substrate Product % C(;rngle\ision)
Blank 1 2 3 4 5 6
CH,OH CHO a 7.8x10*(78) 7.6x10* (76)  8.0x10*(80)  8.2x10°(82) 7.9x10*(79) 8.7x10*(87)
b Product 7.5x10*(75) 7.3x10*(73)  7.7x10*(77)  8.0x10*(80) 7.7x10*(77) 8.4x10*(84)
¢ notdetected 7.3x10%(73) 7.1x10*(71)  7.6x10*(76)  7.7x10*(77) 7.4x10*(74) 8.2x10%(82)
d 7.2x10*(72)  6.8x10*(68)  7.3x10*(73)  7.5x10*(75) 7.3x10*(73) 8.1x10*(81)
oH Q a 9.0x10% (90) 8.5x10*(85)  8.8x10°(88)  9.2x10*(92) 8.5x10*(85) 9.2x10*(92)
b Product 8.7x10*(87) 8.4x10°(84)  8.7x10°(87)  9.0x10"(90) 8.3x10*(83) 8.9x10*(89)
¢ notdetected 8.6x10°(86) 8.1x10°(81)  8.5x10*(85)  8.7x10°(87) 8.2x10°(82) 8.6x10*(86)
d 8.4x10* (84) 8.0x10°(80)  8.3x10°(83)  8.6x10*(86) 8.0x10*(80) 8.4x10*(84)
o 0 a 9.1x10% (91) 8.9x10*(89)  9.0x10*(90)  9.4x10*(94) 9.0x10% (90) 9.5x10* (95)
Ph pn b Product 9.0x10% (90) 8.7x10*(87)  8.9x10*(89)  9.3x10*(93) 8.8x10°(88) 9.3x10*(93)
¢ notdetected 8.8x10°(88) 8.6x10°(86)  9.0x10*(90)  9.1x10* (91) 8.5x10"(85) 9.2x10°(92)
d 8.5x10" (85) 8.4x10°(84)  8.7x10*(87)  8.9x10*(89) 8.3x10"(83) 9.0x10*(90)
OH 0 a 8.8x10% (88) 8.2x10*(82)  8.6x10°(86)  9.0x10*(90) 8.5x10*(85) 9.3x10*(93)
b Product 8.6x10°(86) 7.9x10*(79)  8.4x10*(84)  8.9x10*(89) 8.3x10*(83) 9.1x10*(91)
¢ notdetected 8.5x10%(85) 7.7x10*(77)  8.3x10*(83)  8.7x10°(87) 8.0x10*(80) 9.0x10*(90)
d 8.2x10% (82) 7.4x10*(74)  8.1x10°(81)  8.5x10*(85) 8.1x10*(81) 8.8x10*(88)
H it a 9.0x10% (90) 8.7x10*(87)  8.8x10°(88)  9.4x10*(94) 9.1x10*(91) 9.5x10*(95)
b product 8.8x10% (88) 8.4x10°(84)  8.5x10°(85)  9.2x10*(92) 9.0x10*(90) 9.3x10*(93)
c ¢ detected 8.9x10% (89) 8.1x10°(81)  8.4x10°(84)  8.9x10*(89) 9.1x10*(91) 9.0x10* (90)
q notdetected g 510t (85) 7.9x10° (79)  8.2x10°(82)  9.0x10° (90) 8.8x10*(88) 9.1x10*(91)
OH o a 9.2x10%(92) 9.0x10°(90)  9.2x10*(92)  9.5x10°(95) 9.2x10% (92) 9.6x10% (96)
\)\ b Product 9.0x10*(90) 8.8x10°(88)  8.9x10°(89)  9.2x10%(92) 9.0x10* (90) 9.5x10*(95)
\)k ¢ not detected 8.7XI02(87) 8.SXI0:(85) s.8x10:(88) 9.0x10:(90) 8.8><10:(88) 9.5x10:(95)
d 8.6x10° (86) 8.4x10*(84)  8.6x10°(86)  8.8x10*(88) 8.7x10*(87) 9.4x10*(94)
OH 0 a 9.3x10* (93) 8.8x10°(88)  9.2x10°(92)  9.6x10*(96) 9.4x10* (94) 9.8x10°(98)
b Product 9.2x10°(92) 8.8x10*(88)  9.0x10*(90)  9.5x10*(95) 9.2x10*(92) 9.6x10*(96)
/\)\ /\)k ¢ notdetected 9.0x10°(90) 8.5x10°(85)  9.1x10*(91)  9.3x10*(93) 9.1x10*(91) 9.3x10*(93)
d 8.9x10% (89) 8.1x10*(81)  9.0x10°(90)  9.2x10*(92)  8.8x10*(88) 9.2x10*(92)

[a] Oxidant: a = NMO; b = tBuOOH; ¢ = NalO,; d = NaOCl; Blank = control experiment in the absence of catalyst.

with any one of the four oxidants under the same reaction
conditions resulted in enhanced conversion (86-95%). Fur-
ther addition of AIBN in the same oxidation reaction in
the absence of 6 did not result in any oxidation. In the pres-
ence of benzoquinone (a free-radical inhibitor) the conver-
sion was minimal. These observations are consistent with
those made by Goldstein and Drago with H,O, and OCl~
in the oxidation of alkanes.’?¥ On addition of an oxidant
to the solutions of complexes 4 and 5, the signals in the
71Se{!H} NMR spectra are shifted to a higher frequency
(by =473 ppm). Similarly, in the case of 6 the signal in the
125Te{'"H} NMR spectrum shifts to a higher frequency (by
ca. 288 ppm) in the presence of an oxidant. The signals in
the 7’Se{'H} NMR spectrum of L3 and the '>’Te{'H}
NMR spectrum of L4 remain unshifted on addition of any
of the four oxidants. Therefore, the ruthenium center is
most probably oxidized to Ru"V=0. The UV/Vis spectra on
addition of any one of these oxidants to dichloromethane
solutions of 1-6 show a new shoulder at 390-394 nm, which
is believed®®-¢1-4al to be due to Ru'Y=0, the species re-
ported to be responsible for the transfer of the oxygen atom
to the alcohol substrates resulting in their catalytic oxi-
dation. The IR spectra of the residues left after evaporating
the solvent from the mixtures of any of the oxidants with
complexes 1-6 exhibit very strong bands at 845-848 cm™!
(vp_r band at 840-850 cm ! is of medium intensity only),
which further supports the formation of the Ru!V=0 spe-
cies[398-39.60-63.64a] regponsible for the catalytic oxidation of
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alcohols. Moreover, the catalytic activities of the Ru™V=0
species towards oxidation reported earlier®®° further
strengthens our proposition. The short life-times of the
Ru'V=0 transient species restricted us from acquiring MS
evidence. The '"H NMR spectra of the ruthenium complexes
recorded after the addition of an oxidant are broadened,
which indicates the formation of paramagnetic intermediate
species.

Conclusions

“Piano-stool” complexes of Rul of composition
[RuCl(n®-CeHg)(L)|[PFJ[RuCI(n®-p-cymene)(L)[PF]  (1-
6) have been prepared and characterized. Their catalytic ac-
tivity in the oxidation of primary and secondary alcohols
with N-methylmorpholine N-oxide (NMO), rBuOOH, Na-
OCl, and NalO, has been investigated. The advantages of
1-6 over recently reported good ruthenium-based catalytic
speciesP7¢-9:64-681 i the oxidation of alcohols are (i) high
efficiency and yield so that smaller quantities are needed,
(ii) short reaction times, and (iii) flexibility regarding oxi-
dants. The efficiencies of the catalysts 1-6 in the oxidation
of alcohols with any of the oxidants (TON upto 9.8 X 10%)
are comparable to those of the half-sandwich Ru'' com-
plexes containing chalcogenated pyrrolidine, benzotriazole,
and Schiff bases with NMO.[2%:30:32]
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Experimental Section

General Procedure: Perkin—Elmer 2400 Series 11 C,H,N analyzer
was used for elemental analysis. The 'H, '3C{'H}, 77Se{'H}, and
125Te{'H} NMR spectra were recorded with a Bruker Spectrospin
DPX-300 NMR spectrometer at 300.13, 75.47, 57.24, and
94.69 MHz, respectively. IR spectra in the range 4000-400 cm™!
were recorded with a Nicolet Protége 460 FT-IR spectrometer as
KBr pellets. The UV/Vis spectra were recorded with a Perkin—EI-
mer Lambda BIO-20 model 330 spectrometer. The conductivity
measurements were carried out in CH3CN (conc. ca. 1 mm) by
using an ORION conductivity meter, model 162. The catalytic oxi-
dation yields were determined with a NUCON Engineers (New
Delhi, India) gas chromatograph (with FID detector), model 5765,
equipped with an Alltech (Ec™-1) column of 30m length,
0.25 mm diameter and having a liquid film thickness of 0.25 pm.
The cyclic voltammetry studies were performed with a BAS CV
S0W instrument at the University of Delhi (Department of Chemis-
try). A three-electrode configuration composed of a Pt disk work-
ing electrode (3.1 mm? area), a Pt wire counter electrode, and an
Ag/AgCl reference electrode was used for the measurements. Ferro-
cene was used as an internal standard (E,, = 0.500 V vs. Ag/AgCl),
and all the potentials are expressed with reference to Ag/AgCl. The
melting points were measured in an open capillary tube. The ruthe-
nium(I1) precursor complexes [{(n°-C¢Hg)RuCl(u-Cl)},] and [{(n®-
p-cymene)RuCl(u-Cl)},] were prepared according to literature
methods.[0%70]

Synthesis of L1: Thiophenol (0.5 mL, 5.0 mmol) was heated at re-
flux in dry ethanol (50 mL) under N, for 0.5 h. Aqueous NaOH
(0.44 g, 11.0 mmol in 5mL) and 4-(2-chloroethyl)morpholine hy-
drochloride [0.92 g, 5.0 mmol dissolved in ethanol (20 mL)] were
added dropwise successively. After continued heating at reflux for
a further 3 h, the reaction mixture was cooled to room temperature
and poured into distilled water (100 mL). It was then neutralized
with dilute sodium hydroxide and extracted with chloroform
(100 mL). The chloroform extract was washed with distilled water
(2X 50 mL) and dried with anhydrous sodium sulfate. On evapora-
tion of the chloroform in a rotary evaporator, L1 was obtained as
a pale-yellow oil. Yield: 0.87 g, 78%. '"H NMR (CDClj, 25 °C): §
=2.48-2.51 (m, 4 H, 7-H), 2.65 (t, 3Jyu = 7.5 Hz, 2 H, 5-H), 3.06
(t, 3Jun = 7.5 Hz, 2 H, 6-H), 3.71-3.76 (m, 4 H, 8-H), 7.17-7.22
(m, 1 H, 1-H), 7.28-7.33 (m, 2 H, 2-H) 7.35-7.38 (m, 2 H, 3-H)
ppm. BC{'H} NMR (CDCl;, 25 °C): 6 = 30.6 (C-7), 53.5 (C-5),
58.0 (C-6), 66.8 (C-8), 126.0 (C-1), 128.9 (C-2), 129.1 (C-4), 136.3
(C'3) ppm. IR (KBI') Vmax = 3056 (m» VC—H,aromatic), 2957 (S’
VC—H,aliphalic)s 1582 (m, VC—C,aromalic)s 1207= 1118 (W, VC—N)a 741 (mv
VC—H,aromatic) Cmil~

Synthesis of [RuCl(n°-CsHg)(L1)][PF4] (1) and [RuCl(n°®-p-cymene)-
(LD][PF4] (2): Solid [{(n®-CsHg)RuCl(u-Cl)},] (0.05 g, 0.1 mmol)
or [{(n%-p-cymene)RuCl(u-Cl)},] (0.06 g, 0.1 mmol) was added to
a solution of L1 (0.045 g, 0.2 mmol) in CH30OH (15 mL). The mix-
ture was stirred at room temperature for 12 or 15 h. The resulting
yellow solution was filtered, and the volume of the filtrate was re-
duced (to ca. 7mL) in a rotary evaporator. It was mixed with solid
NH4PF (0.032 g, 0.2 mmol), and the resulting yellow microcrystal-
line solid 1 or 2 was filtered, washed with cold CH;OH (10 mL)
and dried in vacuo. Single crystals of 1 suitable for X-ray diffrac-
tion were obtained by the diffusion of diethyl ether into its solution
(I mL) in CH30H/CH;CN (v/v, 1:4).

1: Yield: 0.10g, 85%. M.p. 173°C. Mol. cond. (Ay) =
148.8 Scm?mol . "TH NMR (CD;CN, 25 °C): § = 2.26-2.65 (m, 4
H, 8-H), 3.11-3.21 (m, 4 H, 7-H), 3.54-3.74 (m, 2 H, 5-H), 3.97-
4.34 (m, 2 H, 6-H), 5.63 (s, 6 H, Ru-Ar-H), 7.22-7.44 (m, 1 H, 1-
4192
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H + 2-H), 7.67-7.87 (m, 2 H, 3-H) ppm. *C{'H} NMR (CD;CN,
25°C): 0 = 30.7 (C-8), 58.4 (C-7), 62.4 (C-5), 67.2 (C-6), 87.1 (Ru-
Ar-C), 129.8 (C-1), 131.5 (C-2), 132.6 (C-3), 134.2 (C-4) ppm. IR
(KBI): Vmax = 3083 (m, VC—H‘aromalic): 29847 28717 (S, VC—H,aIiphatic)a
1631 (M, Ve Caromatic), 1185, 1114 (W, ve ), 850 (s, vp_g), 749 (m,
Ve Haromatic) €M L. C1sHo3CINORuS-PF4 (437.97): caled. C 37.09,
H 3.98, N 2.40; found C 37.00, H 4.05, N 2.49.

2: Yield: 0.10g, 80%. M.p. 182°C. Mol. cond. (Ay) =
144.2 Scm’mol . '"H NMR (CD;CN): 6 = 1.28 (d, 3Jyy = 6.6 Hz,
6 H, CHjs in iPr), 2.82 (s, 3 H, CH;3 p to iPr), 2.86-2.92 (m, 4 H,
8-H), 3.01 (sept, 1 H, CH in iPr), 3.17-3.26 (m, 4 H, 7-H), 3.34—
3.37 (m, 2 H, 5-H), 3.89 (m, 2 H, 6-H), 5.28-5.83 (m, 4 H, Ar-H
in p-cymene), 7.27-7.39 (m, 3 H, 1-H + 2-H), 7.48-7.58 (m, 2 H,
3-H) ppm. BC{'H} NMR (CD;CN, 25°C): § = 18.9 (CH; p to
iPr), 22.1, 22.3 (CHj; in iPr), 31.6 (CH in iPr), 31.8 (C-8), 52.9 (C-
7), 56.8 (C-5), 64.4 (C-6), 82.3-106.5 (Ar-C in p-cymene), 128.1 (C-
1), 130.4 (C-2), 130.6 (C-3), 134.7 (C-4) ppm. IR (KBr): Va0 =
3032 (m’ VC—H,aromatic)’ 2973’ 2861 (Sa VC—H,aliphatic), 1630 (m’
Ve Caromatic)s 1196, 1112 (w, ve n), 840 (s, vpp), 750 (m,
Ve H.aromatic) €M L. CooH3  CINORuUS-PF¢ (494.08): caled. C 41.35,
H 4.89, N 2.19; found C 41.86, H 4.81, N 2.07.

Synthesis of L2: A solution of 2,2'-dipyridyl disulfide (0.44 g,
2.0 mmol) in ethanol (30 mL) under N, was added dropwise to
NaBH, (0.14 g, 4.0 mmol) dissolved in NaOH (5%, ca. 15 mL) un-
der N, until it became colorless due to the formation of PySNa. 4-
(2-Chloroethyl)morpholine hydrochloride (0.74 g, 4.0 mmol) dis-
solved in ethanol (5 mL) was added to this colorless solution with
constant stirring. The reaction mixture was further stirred for 3—
4h and poured into ice-cold water (20 mL containing 0.2 g of
NaOH). The aqueous phase was extracted with CHCl;
(5X40 mL). The extract was washed with water (3 X 50 mL) and
dried with anhydrous sodium sulfate. On evaporation of the chloro-
form under reduced pressure in a rotary evaporator, L2 was ob-
tained as a yellow oil. Yield: 0.80¢g, 80%. 'H NMR (CDCls,
25°C): 6 = 2.52-2.55 (m, 4 H, 8-H), 2.69 (t, 3Jyuy = 7.5Hz, 2 H,
6-H), 3.34 (t, 3Jyy = 7.5 Hz, 2 H, 7-H), 3.69-3.74 (m, 4 H, 9-H),
6.95-6.99 (m, 1 H, 3-H), 7.18 (d, 3Jyy = 8.1 Hz, 1 H, 4-H), 7.43~
7.49 (m, 1 H, 2-H), 8.42 (d, 3Jyy = 7.5 Hz, 1 H, 1-H) ppm. 3C{'H}
NMR (CDCl;, 25 °C): 6 = 26.8 (C-8), 53.5 (C-6), 58.2 (C-7), 66.9
(C9), 119.3 (C-3), 122.3 (C-4), 135.8 (C-2), 149.4 (C-1), 158.7 (C-
5) ppm. IR (KBr): V. = 3065 (M, Ve maromatic)s 2924 (s,
VC—H.aliphatic)’ 1575 (ma VC—N,aromatic)a 1568 (m, VC—C,aromatic)a 1209#
1114 (W, ve n), 735 (M, Ve 1 aromatic) €M

Synthesis of [RuCl(n°-C¢Hg)(L2)|[PF¢] (3): Solid [{(n°-C¢Hg)-
RuCl(p-Ch)}5,] (0.05 g, 0.1 mmol) and L2 (0.046 g, 0.2 mmol) were
allowed to react as described for the synthesis of 1 and 2 to give
the yellow microcrystalline solid 3, which was filtered, washed with
cold CH;OH (10 mL), and dried in vacuo. Single crystals of 3 suit-
able for X-ray diffraction were obtained similarly to those of 1.
Yield: 0.10g, 85%. M.p. 176.0°C. Mol. cond. (Ay) =
143.6 Scm?mol . "H NMR (CD;CN, 25°C): 6 = 2.72 (m, 4 H, 8-
H), 2.88-3.32 (m, 2 H, 6-H), 3.52-3.70 (m, 2 H, 7-H), 3.86-4.32
(m, 4 H, 9-H), 5.55 (s, 6 H, Ru-Ar-H), 7.47-7.61 (m, 1 H, 3-H),
7.99 (m, 1 H, 2-H), 8.44 (d, 3Juy = 8.1 Hz, 1 H, 4-H), 8.78 (d,
3Juu = 7.5 Hz, 1 H, 1-H) ppm. 3C{H} NMR (CD;CN, 25 °C): §
= 274 (C-8), 54.1 (C-6), 59.4 (C-7), 66.9 (C-9), 87.1 (Ru-Ar-C),
123.3 (C-3), 123.4 (C-4), 137.9 (C-2), 150.2 (C-1), 160.6 (C-5) ppm.
IR (KBI‘) Vimax = 3053 (m, VC—H,aromalic)a 2968 (S, VC—H,aliphaliC)» 1576
(mv VC—N.aromatic)a 1571 (mw VC—C,aromalic)a ]2035 1104 (Ww VC—N)a 842
(8, Vpp), 743 (M, Ve Haromate) ¢m ‘. Cj7H2CIN,ORuS-PFy
(438.96): calcd. C 34.97, H 3.80, N 4.80; found C 34.44, H 3.72, N
4.48.
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Synthesis of L3: Diphenyl diselenide (0.62 g, 2.0 mmol) was treated
with NaBH, (0.14 g, 4.0 mmol) as described for the synthesis of
L2. The resulting PhSeNa was treated with 4-(2-chloroethyl)-
morpholine hydrochloride (0.74 g, 4.0 mmol) in a manner similar
to that described above for L2 to give L3 as a pale-yellow oil. Yield:
0.86 g, 80%. 'H NMR (CDCl;, 25°C): 6 = 2.44-2.46 (m, 4 H, 7-
H), 2.68 (t, 3Jyu = 7.5 Hz, 2 H, 5-H), 3.02 (t, 3Jyn = 7.5 Hz, 2 H,
6-H), 3.66-3.69 (m, 4 H, 8-H), 7.19-7.24 (m, 3 H, 1-H + 2-H), 7.48
(d, *Jyn = 6.6 Hz, 2 H, 3-H) ppm. 3C{'H} NMR (CDCl;, 25 °C):
0 =244 (C-7), 53.1 (C-5), 58.5 (C-6), 66.6 (C-8), 126.6 (C-1), 128.8
(C-2), 130.1 (C-4), 132.2 (C-3) ppm. 7’Se{'H} NMR (CDCl;,
25°C): 0 = 279.5 ppm. IR (KBr): V. = 3061 (M, Ve Haromatic)s
2920 (Sa VC—H,aliphatic), 1578 (m, VC—C,aromatic), 1212, 1117 (W> VC—N);
738 (ma VC—H,aromalic) Cm71~

Synthesis of [RuCl(n°-CHg)(L3)][PF4] (4) and [RuCl(n°-p-cymene)-
(L3)][PFg] (5): L3 (0.054 g, 0.2 mmol) was treated with solid [{(n®-
CeHg)RuCl(u-Cl)}5] (0.05 g, 0.1 mmol) or [{(n°-p-cymene)RuCl(u-
CD)},] (0.06 g, 0.1 mmol) as described for the synthesis of 1 and 2.
Solid NH4PFg (0.032 g, 0.2 mmol) was added to the concentrated
(to ca. 7mL) reaction mixture as described above for 1 and 2 to
give 4 and 5. Single crystals of 4 were obtained similarly to those
of 1.

4: Yield: 0.10g, 80%. M.p. 181.0°C. Mol. cond. (Ay) =
144.2 Scm’mol . 'TH NMR (CDsCN, 25 °C): § = 2.62-2.88 (m, 4
H, 8-H), 3.46-3.58 (m, 4 H, 7-H), 3.88-3.96 (m, 2 H, 5-H), 4.25—
4.31 (m, 2 H, 6-H), 5.69 (s, 6 H, Ru-Ar-H), 7.61-7.63 (m, 3 H, 1-
H + 2-H), 7.82-7.85 (m, 2 H, 3-H) ppm. 3C{'H} NMR (CD;CN,
25°C): 0 = 32.3 (C-8), 56.2 (C-7), 61.8 (C-5), 64.6 (C-6), 87.4 (Ru-
Ar-C), 129.1 (C-1), 130.2 (C-2), 132.1 (C-3), 133.0 (C-4) ppm.
77Se{'H} NMR (CDCls, 25 °C): 6 = 379.6 ppm. IR (KBr): V. =
3083 (m’ VC—H,aromatic), 2994’ 28717 (S, VC—H,aliphatic)’ 1578 (m’
Ve C.aromalic): 1194, 1113 (W: Ve N)a 845 (S, Vp. F): 742 (m7
VC_ H.aromatic) M. C1gH»3CINORuSe-PF (484.87): caled. C 34.33,
H 3.68, N 2.22; found C 34.03, H 3.60, N 2.28.

5: Yield: 0.11g, 80%. M.p. 178.0°C. Mol. cond. (Ay) =
140.4 Scm®’mol!. '"H NMR (CDsCN, 25°C): 6 = 1.31 (d, 3Jyn =
6.6 Hz, 6 H, CHj; in iPr), 2.25 (s, 3 H, CHj; p to iPr), 2.62-2.67 (m,
4 H, 8-H), 2.90 (sept, 1 H, CH in iPr), 3.02 (m, 4 H, 7-H), 3.28
(m, 2 H, 5-H), 3.91 (m, 2 H, 6-H), 5.31-5.86 (m, 4 H, Ar-H in p-
cymene), 7.41 (m, 3 H, 1-H + 2-H), 7.66 (m, 2 H, 3-H) ppm.
13C{'H} NMR (CD;CN, 25 °C): § = 18.8 (CHj; p to iPr), 22.4, 22.3
(CHj; in iPr), 31.7 (CH in iPr), 31.9 (C-8), 52.8 (C-7), 57.9 (C-5),
64.5 (C-6), 82.8-106.6 (Ar-C in p-cymene), 129.0 (C-1), 130.6 (C-
2), 131.9 (C-3), 133.5 (C-4) ppm. "’Se{'H} NMR (CDCl;, 25 °C):
0 =383.4 ppm. IR (KBr): V0 = 3028 (M, Ve 1 aromatic)s 2973, 2858
(S, Ve matiphatic)s 1578 (M, Ve caromatic)s 1189, 1113 (W, ve ), 840 (s,
Vp_p), 744 (M, Ve i1 aromatic) €M . CarH3  CINORuSe-PF; (540.98):
calcd. C 38.53, H 4.56, N 2.04; found C 38.33, H 4.50, N 2.07.

Synthesis of L4: Bis(4-methoxyphenyl) ditelluride (0.94 g, 2 mmol)
was treated first with NaBH, (0.14 g, 4.0 mmol dissolved in 5%
NaOH) and thereafter with 4-(2-chloroethyl)morpholine hydro-
chloride [0.74 g, 4.0 mmol dissolved in ethanol (5 mL)] as described
for the synthesis of L2. After workup similar to that for L2, L4
was obtained as a white oil. Yield: 1.12 g, 80%. 'H NMR (CDCl;,
25°C): 0 = 2.46-2.49 (m, 4 H, 7-H), 2.78 (t, *Juyny = 7.5 Hz, 2 H,
5-H), 3.04 (t, 3Jyy = 7.5 Hz, 2 H, 6-H), 3.68-3.71 (m, 4 H, 8-H),
3.79 (s, 3 H, OCH3), 6.76 (d, 3Jyy = 6.9 Hz, 2 H, 2-H), 7.68 (d,
3Juu = 6.9 Hz, 2 H, 3-H) ppm. BC{'H} NMR (CDCls, 25 °C): §
= 7.8 (C-7), 53.1 (C-5), 55.1 (C-6), 59.3 (C-8), 66.9 (OCHs;), 101.3
(C-1), 115.0 (C-2), 140.7 (C-4), 159.5 (C-3) ppm. '>Te{'H} NMR
(CDCl;, 25°C): 0 = 431.5ppm. IR (KBr): V.« = 3063 (m,
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VC—H,aromatic), 2918 (S, VC—H,aliphaticL 1578 (m’ VC—C,aromatic)s 1211,
1118 (W, ve ) cm™.

Synthesis of [RuCl(n°-CsHg)(L4)|[PF4] (6): Solid [{(n°-CsHs)-
RuCl(p-Cl)},] (0.05 g, 0.1 mmol) and L4 [0.070 g, 0.2 mmol dis-
solved in CH;OH (15 mL)] were allowed to react and treated there-
after with solid NH4PF¢ (0.032 g, 0.2 mmol) as described above for
the synthesis of 1 and 2. Complex 6 was isolated, and single crystals
suitable for X-ray diffraction were grown by the procedure used for
those of 1 and 2. Yield: 0.12 g, 85%. M.p. 186.0 °C. Mol cond.
(Ay) = 143.7 Scm?mol™!. '"H NMR (CD;CN, 25°C): 6 = 2.98—
3.28 (m, 4 H, 8-H), 3.35-3.68 (m, 4 H, 7-H), 3.85 (s, 3 H, OCH3),
3.97-4.03 (m, 2 H, 5-H), 4.12-4.49 (m, 2 H, 6-H), 5.67 (s, 6 H, Ru-
Ar-H), 7.03 (d, 3Juyn = 6.9 Hz, 2 H, 2-H), 7.88 (d, 3Juu = 6.9 Hz,
2 H, 3-H) ppm. *C{'H} NMR (CD;CN, 25°C): § = 30.1 (C-8),
53.3 (C-7), 56.7 (OCHs;), 61.6 (C-5), 65.4 (C-6), 87.2 (Ru-Ar-C),
118.3 (C-1), 130.2 (C-2), 142.2 (C-3), 161.7 (C-4) ppm. '»Te{'H}
NMR (CDCl;, 25°C): 6 = 691.9 ppm. IR (KBr): ¥, = 3088 (m,
VC—H,aromatic)v 29825 2878 (S, VC—H,aliphatic)a 1627 (ma VC—C,aromatic)a
1195, 1117 (W, ven), 845 (s, vp_p), 748 (M, Ve praromatic) €M .
C9H,5CINO,RuTe-PF; (563.54): caled. C 32.21, H 3.56, N 1.98;
found C 32.11, H 3.50, N 2.06.

X-ray Crystallographic Analysis: The data for the single-crystal
structures were collected (at IIT Delhi and IIT Kanpur, India) with
a Bruker AXS SMART Apex CCD diftractometer by using Mo-K,,
(0.71073 A) radiation. SADABS software was used for absorption
correction (if needed) and SHELXTL for space group, structure
determination, and refinements.’’-73] Selected crystal data are
given below. Further details of crystal data and structural refine-
ments, bond lengths and angles are available in Tables S1-S3 in the
Supporting Information. CCDC-768670 (1), -768671 (3), -768672
(4), and -768673 (6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
the Cambridge crystallographic data centre via www.ccdc.cam.a-
c.uk/data_request.cif.

1: C3H,;CIFgNOPRUS, M, = 582.93, triclinic space group, PI, a
= 9.825(3), b = 10.348(2), ¢ = 10.569(3) A, a = 93.753(5), f =
96.363(4), y = 101.484(5)°, V = 1042.3(5) A3, Z = 2, pesied. =
1.857gem™3, u = 1.12lmm!, -ll=sh=1l, -12=k=12,
-12=[=12, T = 100(2) K, GOF = 1.098, R; = 0.0453, wR, =
0.1268 [I>20(D)], Ry = 0.0492, wR, = 0.1356 (all data). Out of
5284 total reflections collected, 3599 (R;,; = 0.0298) were unique.

3: C,;H,,CIFgN,OPRuS, M, = 583.93, triclinic space group, Pl, a
9.7965(15), b = 10.3459(16), ¢ = 10.8061(3) A, a = 93.031(3), f8
96.598(2), y = 100.470(3)°, V = 1063.4(3) A3, Z = 2, peated. =
1.824gem>, = L1I00mm ' -1l1=sk=11, -12=k=12,
-12=[=12, T = 273(2) K, GOF = 1.158, R; = 0.0525, wR, =
0.1207 [I>20(I)], R, = 0.0558, wR, = 0.1230 (all data). Out of
10082 total reflections collected, 3760 (R;, = 0.0307) were unique.

4: C,gH,;CIF{NOPRuSe, M, = 629.82, triclinic space group, PI, a
= 9.889(3), b = 10.508(3), ¢ = 10.784(3) A, a = 93.107(4), p =
96.293(5), y = 101.934(4)°, V = 1086.4(5) A3, Z = 2, pesied. =
1.925gem™, p = 2.65mml-1l=ha=<11, -12=k=12,
-12=[=12, T = 273(2) K, GOF = 1.076, R, = 0.0676, wR, =
0.1414 [I>a(I)], R; = 0.1134, wR2 = 0.1580 (all data). Out of 6767
total reflections collected, 3837 (R;,, = 0.0963) were unique.

6: C,9H,5CIFgNO,PRuTe, M, = 708.49, monoclinic space group,
P2y/n, a = 10.4151(17), b = 10.9106(17), ¢ = 21.007(3) A, a = 90.00,
B = 96.636(3), y = 90.00°, ¥ = 2371.1(6) A3, Z = 4, peated. =
1.985gem™, u = 211lmm!, -12=h=12, -12=k=12,
24=]=24, T = 273(2) K, GOF = 1.044, R, = 0.0415, wR, =
0.1092 [I>20(D)], R1 = 0.0487, wR, = 0.1136 (all data). Out of
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19132 total reflections collected, 4167 (R;,; = 0.0389) were unique.

Catalytic Oxidation of Alcohols with NMO: The catalytic oxi-
dations of primary alcohols to the corresponding aldehydes and
secondary alcohols to ketones with N-methylmorpholine N-oxide
(NMO) and complexes 1-6 were typically carried as follows. A
solution of complex 1-6 (0.001 mol-%) in CH,Cl, (20 mL) was
mixed with the neat alcohol substrate (1 mmol) and solid NMO
(3 mmol). The mixture was heated at reflux for 3 h, and thereafter
most of the solvent was evaporated in a rotary evaporator. The
residue containing the oxidized product was extracted with petro-
leum ether (60-80 °C; 20 mL). The catalyst, insoluble in petroleum
ether, was recovered almost quantitatively for the next catalytic cy-
cle. The oxidized product present in petroleum ether was analyzed
by GC.

Catalytic Oxidation of Alcohols with /BuOOH: A mixture complex
1-6 (0.001 mol-%) dissolved in CH»Cl, (20 mL) and neat alcohol
substrate (1 mmol) was prepared. fBuOOH (4 mmol) was added to
the mixture through a dropping funnel over 0.5 h, and the resulting
mixture was stirred at room temperature for 3 h. Most of the sol-
vent from the reaction mixture was evaporated in a rotary evapora-
tor to give a semi-solid containing the catalyst and the oxidized
alcohol. The mixture was extracted with petroleum ether (60—
80 °C; 20 mL). The extract containing the oxidized product was
analyzed by GC, and the residue containing the catalyst was pre-
served in a nearly quantitative amount for the next catalytic cycle.

Catalytic Oxidation of Alcohols with NaOCI and NalOg4: A solution
of the ruthenium complex 1-6 (0.001 mol-%) in CH,Cl, (10 mL)
was added to a solution of NaHCO3/Na,CO; (5mL, 1.0 M, pH =
9.5) buffer. A few drops of aqueous NaOCI/NalO, (0.7 M/1.0 m)
were added at 0 °C, and the mixture was stirred vigorously until
the organic phase became yellow or orange leaving the aqueous
phase colorless. The alcohol (1 mmol) in CH,Cl, (5 mL) was added
in one portion to the reaction mixture with stirring. An aqueous
solution of 0.7 M NaOCI (5.7 mL)/1.0 m NalO,4 (4 mL) was added
to the reaction mixture dropwise through a dropping funnel over a
period of 1 h. The resulting reaction mixture was stirred at room
temperature maintaining its pH at ca. 9.5 for 3 h and shaken there-
after with CH,Cl, (30 mL). The organic layer was separated, and
most of the solvent was evaporated in a rotary evaporator to give
a semi-solid, which was extracted with petroleum ether (60-80 °C;
20 mL). The catalyst left as a solid residue was recovered almost
quantitatively for another catalytic cycle. The resulting aldehydes/
ketones extracted into petroleum ether were analyzed by GC.

Supporting Information (see footnote on the first page of this arti-
cle): Crystal data, selected bond lengths and angles, secondary-in-
teraction distances, figures showing secondary interactions, cyclic
voltammetric data and diagram of complexes 1-6.
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Neutral tricarbollide tautomers of general formula 7-tBuNH-
8,9-R,R'-nido-7,8,9-C3BgHy (N1), where R,R’ = substituents
on cage carbon atoms = H, Me, and Ph or their combinations,
generated a series of very stable, twelve-vertex ferratricar-
bollides of general structure [1-Cp-12-tBuNH-2,4-R,R"-closo-
1,2,4,12-FeC3BgHg] (2, Cp = n>-CsHs; yields 30-35%) to-
gether with the isomeric complexes [1-Cp-10-tBuNH-2 4-
R,R’-closo-1,2,4,10-FeC3BgHg] (3; yields 22-26 %) upon heat-
ing with [CpFe(CO),], in mesitylene at reflux for 6 h. Individ-
ual compounds were isolated and purified by preparative

TLC and characterized by conventional ''B and 'H NMR
spectroscopy combined with two-dimensional ['!B-!!B]-
COSY and 'H-{!''B(selective)} NMR spectroscopic tech-
niques). The structures of [1-Cp-12-tBuNH-2,4-Me,-1,2,4,12-
FeCs;BgHg] (2¢) and  [1-Cp-12-tBuNH-2-Ph-1,2,4,12-
FeC3BgHy]| (2d) were established by single-crystal X-ray dif-
fraction analysis. Electrochemical studies revealed that the
Fel/Fe'' redox potentials are primarily affected by the type
of the ferratricarbaborane cage and, to a lesser extent, by the
Me and Ph substituents residing on the cage carbon atoms.

Introduction

Eleven-vertex nido-tricarbaboranes (so-called tricarb-
ollides) were synthesized after 1995 within a collaboration
between us and F. Teixidor et al.l'l as the first representa-
tives of this family of compounds. Later it was found??!
that incorporation of the [CpFe]* fragment (Cp = 1n°-CsHs)
into the structure of 7-rBuNH,-nido-7,8,9-C;BgHy (Z1a),
using [CpFe(CO),], or [CpFe(Ce¢Hg)]* as the CpFe™ source,
is associated with an extensive rearrangement of cluster
carbon atoms to generate the isomeric closo cyclopen-
tadienyl ferratricarbollides [1-Cp-12-tBuNH-closo-1,2,4,12-
FeC;BgHo] (2a) and [1-Cp-10-rBuNH-closo-1,2,4,10-
FeC3;BgH (] (3a), which contain a substituted amine group
in the para and meta positions with respect to the iron cen-
tre. Just recently, we have synthesized a series of carbon-
substituted 7-rBuNH-8,9-R,R’-nido-7,8,9-C;BsHy com-
pounds (neutral tautomers N1) (where R/R’ = H, Me, and
Ph or their combinations),[*! which now allowed us to syn-
thesize a series of Me- and Ph-substituted ferratricarbol-
lides of types 2 and 3, which are the subject of this paper.
Discussed are also the NMR spectroscopic consequences of
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the substitution together with electrochemical properties of
these compounds, namely the trends in the Fe''//Fe™ redox
potentials in relation to the skeletal shape and type of sub-
stitution.

Results and Discussion

Syntheses

Upon heating with [CpFe(CO),], in mesitylene at reflux
for 6 h, the recently prepared® neutral tricarbollide tauto-
mers of general formula 7-rBuNH-8,9-R,R’-nido-7,8,9-
C3BgHy (N1) (R/R’" = Me/H, Ph/H, Me/Me, or Ph/Ph;

NHtBu
4
Fe ,
neutral tautomers 4 /R R__R comp.
5//C\2\3 H H 3a
\6~—C%—R Me H 3b
KT e e
10(:‘9\: -‘/&7 Ph H 3d
BUNH™ \\1./ Ph Ph 3e
120 3

Scheme 1. The complexation of the N1 tautomers by incorporation
of the [CpFe] fragment. C: C (if substituted) or CH; other num-
bered vertices: BH; mes: mesitylene.
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Scheme 1) afforded a series of very stable, twelve-vertex
ferratricarbollides [1-Cp-12-tBuNH-2,4-R,R"-closo-1,2,4,12-
FeC;BgHg] (2; yields 30-35%) together with the isomeric
complexes [1-Cp-10-rBuNH-2,4-R,R"-closo-1,2,4,10-
FeC;BgHg] (3; yields 22-26%) (Scheme 1). The complexes
of structure 3 are evidently formed by thermal isomeriza-
tion of compounds 2 under the reaction conditions em-
ployed.[2?]

2 7-tBuNH-8,9-R,R'-7,8,9-C5BgH, +

N1
H,+4 CO + [1-Cp-12-fBuNH-2,4-R,R"-1,2,4,12-FeC;BsH;]

[CpFe(CO) ], —

i« isomerization

[1-Cp-10-rBuNH-2,4-R,R'-closo-1,2,4,10-FeC;BsHs]
3

Compounds 2 and 3 could be readily separated as orange
bands by preparative TLC on a silica gel substrate and were
both isolated as orange crystalline materials upon crystalli-
zation by slow concentration of hexane solutions at approx-
imately 0 °C.

NMR Spectroscopy

Graphical comparison of the 'H and ''B NMR chemical
shifts, assigned on the basis of [!!B-!'B]-COSY!! and 'H-
{11 B(selective)}[) NMR spectroscopic experiments (see Fig-
ures 1 and 2), indicates that the spectra of the 2,4-R,-disub-
stituted (R = Me or Ph) complexes of types 2 and 3 show
gross similarities with those of the unsubstituted analogues
2a and 3a,! because of the preservation of the symmetry
plane. In contrast, the monosubstituted (2-R) complexes
display eight different BH resonances due to the absence of
higher symmetry.

Comparisons of the changes in A6(''B), defined as Ad =
(" B)subst — Funsubst> in individual cage positions implies that
the Me and Ph substituents remarkably affect the magnetic
properties of the individual cluster vertices. For the mono-
substituted compounds in both series 2 and 3, it is readily
seen that the B positions are mostly deshielded, while antip-
odal (A) positions are shielded, which is generally observed
for all boron cluster compounds.[”l Similar deshielding at B
positions is observed also for the disubstituted compounds,
though, in this case, the B-effect is combined with the A-
effect at the B9,11 sites, which leads mostly to deshielding.

Structural Studies

The solid-state structures of 2¢ and 2d were determined
by X-ray diffraction analysis. PLATONE! plots of the mo-
lecular structures are presented in Figures 3 and 4, respec-
tively, together with selected distances and angles.

Comparisons of the corresponding C-B and B-B in-
tracluster bond lengths in 2¢ and 2d with those of the un-
substituted complexes 2a and 3a reveal only minor differ-
ences, which could be attributed to an unhindered rotation
of the unsubstituted cage rather than to an electronic in-
fluence of the Me and Ph substituents.[’! Likewise, the geo-
metric parameters of 2¢ and 2d are very similar.
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Figure 1. Graphical representation of experimental data for com-
plexes of type 2 based on stick-type comparison of relative inten-
sities in the "B NMR spectra. Included are numerical values for
individual cluster BH vertices [ordered as 6(''B), 'J(BH)/Hz (where
readable) and J('H) (in italics), indicated are intensities other than
1]. Data for the unsubstituted 2a from ref.”! are included for com-
parison. In full frames there are additional 5('H) data (in italics).
Other experimental data (£°', melting point, m/z, and elemental
analysis) are listed in dotted frames within each diagram.

The Fe—Cp (ring centroid) distances are generally shorter
than the corresponding Fe-C,B; (ring centroid) bond vec-
tors. The observed differences, 0.271 and 0.258 A for 2¢ and
2d, respectively, are similar to those found in all Cp-Fe-
borane complexes deposited with the Cambridge Structure
Database.’! Furthermore, the planes defined by the Cp ring
carbon atoms and the C,B; atoms forming the upper rim
of the tricarbollide part in 2¢ and 2d are parallel, virtually
unaffected by the substituents as evidenced by the associ-
ated dihedral angles of 0.60(15)° and 1.57(9)° for 2¢ and 2d,
respectively. Consequently, the dihedral angles of the phenyl
plane in 2d to the previously defined planes are practically
equal, 12.74(9)° to Cp and 13.89(7)° for the Cp and C,B;
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Figure 2. Graphical representation of experimental data of the
cage-isomeric complexes of type 3. Data for unsubstituted 3a are
taken from ref.[”! For other comments, see the caption of Figure 1.

ring planes. In the crystals of 2¢ and 2d, no significant inter-
molecular interactions that could aid the crystal packing
were detected. However, the lack of hydrogen bonds gener-
ated by the >N-H moiety can be accounted for by steric
hindrance of the attached fert-butyl moiety.

Electrochemistry

The electrochemical behaviour of the ferratricarbaborane
complexes 2 and 3 has been studied by cyclic (CV) and
difference pulse (DPP) voltammetry at a platinum disc elec-
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Figure 3. PLATON representation of the crystal and molecular
structure of [1-Cp-12-tBuNH-2-Ph-closo-1,2,4,12-FeC;BgHy] (2d).
The displacement ellipsoids are drawn at the 30 % probability level.
Selected bond lengths [A] and angles [°]: Fel-Cp (ring centroid)
1.679, Fel-C2B3 (ring centroid) 1.408, Fel-C2 2.047(2), Fel-B3
2.011(2), Fel-C4 2.0480(19), Fel-B5 2.058(3), Fel-B6 2.054(3), C—
C (Cp ring) 1.398(3)-1.425(3), C2-C13 1.524(3), C2-B3 1.729(3),
C2-B6 1.721(3), B3-C4 1.740(3), C4-B5 1.724(3), C4-C14 1.531(3)
B5-B6 1.801(4), C12-N1 1.442(3), C2-Fel-B3 50.42(9), B3-Fel—
C4 50.77(9), C4-Fel-B5 49.66(9), B5-Fel-B6 51.95 (11), B3-C2-
B6 111.23(15), C2-B3-C4 104.74(15), B3-C4-B5 111.47(16), C4—
B5-B6 105.40 (16), B5-B6-C2 106.47(15).

trode in dichloromethane solutions containing 0.1 M
BuyN[PFg] as the supporting electrolyte.

In the accessible potential range, all compounds dis-
played single, well-defined, chemically reversible redox
changes. These redox processes are all diffusion-controlled
in which iy, is proportional to [scan rate]'? at the scan rates
0.1-1 Vs7! (i, is the anodic peak current in CV) and corre-
sponds to a one-electron exchange, as evidenced by com-
parison of the CV and DPP peak currents with those of
ferrocene at the same concentration. Individual redox po-
tentials relative to the ferrocene/ferrocenium reference are
presented in Figures 1 and 2.1

The observed redox processes can be attributed to the
Fel'/Fe'! couple. Their redox potentials are more positive
than that of the related complex [1-Cp-1,2,3-FeC,BoH ]
(-0.08 V vs. SCE in 1:1 acetone/water)!''l and change with
the substitution pattern. First, the redox potentials of the
isomers 2 and 3, namely for the isomeric pairs 2a/3a, 2b/
3b (Figure 5), 2¢/3c, 2d/3d and 2e/3e, differ uniformly by
approximately 100 mV, compounds 3 of each pair being
more difficult to oxidize. Second, the oxidation potentials
of the hydrogen- and methyl-substituted metallaboranes are
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Figure 4. PLATON representation of the crystal and molecular
structure of [1-Cp-12-rBuNH-2,4-Me,-closo-1,2,4,12-FeC;BgHg]
(2¢). The displacement ellipsoids are drawn at the 30% probability
level. Selected bond lengths [A] and angles [°]: Fel-Cp (ring
centroid) 1.673, Fel-C2B3 (ring centroid) 1.415, Fel-C2
2.0455(13), Fel-B3 2.0262(16), Fel-C4 2.0495(15), Fel-BS5
2.0463(16), Fel-B6 2.0577(15), C-C (Cp ring) 1.398(3)-1.425(3),
C2-C13 1.5098(18), C2-B3 1.733(2), C2-B6 1.7340(19), B3-C4
1.732(2), C4-B5 1.707(2), B5-B6 1.781(2), C12-N1 1.4268(17), C2—
Fel-B3 50.38(6), B3-Fel-C4 50.29(6), C4-Fel-B5 49.26(6), B5—
Fel-B6 51.43(6), B3-C2-B6 111.38(10), C2-B3-C4 104.14(10),
B3-C4-B5 111.71(11), C4-B5-B6 106.65(11), B5-B6-C2
105.49(10).

lower than those of their phenylated analogues. This leads
to the following sequence of the oxidation potentials (cf.
Figures 1 and 2): H/H = H/Me = Me/Me < Ph/H < Ph/Ph

iuA]

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E[V]

Figure 5. Cyclic voltammograms of the isomeric boranes 2b (solid
line) and 3b (dashed line) as recorded at a platinum disc electrode
and at a scan rate of 0.1 Vs! in dichloromethane. The potential
scale is referenced to the ferrocene/ferrocenium couple.
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(combinations of R substituents at 2,4-cage positions),
which roughly corresponds to the electronic nature of these
substituents.'?!

Conclusions

We have shown that the insertion of the {CpFe} frag-
ment into the pentagonal open face of the C-substituted
nido 7-tBuNH-8,9-R,R’-7,8,9-C3BgHy compounds by high-
temperature reactions with [CpFe(CO),], proceeds in the
same manner as that of the parent unsubstituted compound
N1 to afford two series of the cage-isomeric closo com-
plexes: [1-Cp-12-tBuNH-2,4-R,R’-1,2,4,12-FeC;BgHg] (2)
and [1-Cp-10-1BuNH-2,4-R,R’-1,2,4,10-FeC5BgHg]  (3).
Two representatives from the former series were charac-
terized by single-crystal X-ray crystallography. Also studied
were effects of the Me and Ph substituents on NMR spec-
troscopic behaviour and the Fe'/Fe' redox potentials of
individual compounds. Electrochemical studies revealed
that the redox changes are primarily affected by the type of
the ferratricarbaborane cage and, to a lesser extent, by the
organic substituents residing on the cage carbon atoms.
Further work associated with developments of iron carbor-
ane chemistry is underway in our laboratories.

Experimental Section

Materials and Methods: All reactions were carried out by using
standard vacuum or inert-atmosphere techniques as described by
Shriver.['3 Other operations, such as column LC or preparative
TLC, were carried out in air. The starting tricarbollide compounds
N1 were prepared according to the recently reported procedure.”)
Dichloromethane and hexane (Fluka) were dried with CaH, and
freshly distilled before use. Other chemicals were of reagent or ana-
lytical grade and were used as purchased. NMR spectroscopic and
mass spectrometric instrumentation and techniques were essentially
the same as those in other recent publications from our laborato-
ries.!¥ Electrochemical measurements were carried out with a com-
puter-controlled multipurpose potentiostat fAUTOLAB III (Eco
Chemie, Netherlands) at room temperature equipped with a stan-
dard Metrohm three-electrode cell with a rotating platinum disc
electrode (AUTOLAB RDE, 3 mm diameter) as the working elec-
trode, a platinum sheet auxiliary electrode and a saturated calomel
reference electrode (SCE), which was separated from the analyzed
solution by a salt bridge. The analyzed compounds were dissolved
in dichloromethane (Fluka, absolute, declared H,O content =
0.005%) to give a solution containing approximately 5X 10 m an-
alyte and 0.1 m BuyN[PF¢] (Fluka, purissimum for electrochemis-
try) as the supporting electrolyte. The solutions were deaerated
with argon before the measurement and then kept under an argon
blanket. The redox potentials (see Figures 1 and 2) are given rela-
tive to the ferrocene/ferrocenium reference.

Synthesis of Complexes [1-Cp-12-rBuNH-2,4-R,R’-1,2,4,12-
FeC3;BsHg] (type 2) and [1-Cp-10-rBuNH-2,4-R,R'-1,2,4,10-
FeC;BgHg| (type 3): Compounds of type N1 (Nla—Nle, reaction
scale: 1.0 mmol) were heated with [CpFe(CO),, (177 mg,
0.5 mmol) in mesitylene (10 mL) at reflux for 8 h. The bulk of the
solvent was evaporated at reduced pressure, and the resulting mix-
tures were separated by threefold preparative TLC on silica gel
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plates using 40% CH,Cl, in hexane to develop two orange bands.
The front fractions (Rr = 0.50-0.60) contained compounds of type
2, whereas the second fractions (Ry = 0.30-0.50) contained com-
pounds of type 3. Individual complexes were isolated by extraction
with CH,Cl,, followed by evaporation and vacuum sublimation at
approximately 200 °C (bath) as orange, air-stable compounds in
yields in the range 30-35% for compounds 2 and 22-26% for com-
pounds 3. The compounds can be crystallized by a slow concentra-
tion of their hexane solutions at low temperatures (around 0 °C).
Characterization data for individual complexes of types 2 and 3 are
given in Figures 1 and 2.

X-ray Crystallography

Crystallographic Data for 2¢: C4H,9BgFeN, M = 353.71, orange
plates, 0.45 % 0.18 X 0.10 mm?, orthorhombic, space group P2,2,2,
(no. 19), a = 8.4298(2) A, b = 8.82270(10) A, ¢ = 24.8092(4) A; V
= 1845.15(6) A3, Z = 4, Dy = 1.273 gmL !, Full-set diffraction
data (£h+k=x/) were recorded at 150(2) K with a Nonius Kappa
CCD diffractometer by using graphite-monochromatized Mo-K,
radiation (4 = 0.71073 A); absorption was neglected (& =
0.81 mm™'). A total of 22868 diffractions were measured (0pax =
27.5°), of which 4215 were unique (R;,, = 4.2%), and 3933 were
observed according to the /> 2c(J) criterion.

The structure was solved by direct methods (SIR97!!)) and refined
by a full-matrix least-squares procedure based on F?
(SHELXL97!'%)). All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. The hydrogen atoms were refined
isotropically except those in the cyclopentadienyl and methyl moie-
ties, which were placed in their idealized positions and refined as
riding atoms, Ujs,(H) being assigned to a multiple of Uq of their
bonding atom. The refinement converged (A/G,.x = 0.001, 258 pa-
rameters) to R = 3.3% for the observed diffractions and to wR =
8.0%, GOF = 1.06 for all diffractions. The final difference map
displayed no peaks of chemical significance (Appax = 0.51, Apmin
=_025e¢A3).

Crystallographic Data for 2d: C,gH,oBgFeN, M = 401.75, orange
prisms, 0.25 X 0.18 X 0.15 mm?, monoclinic, space group P2,/c (no.
14), a = 12.6881(2) A, b = 10.1177(2) A, ¢ = 16.1934(2) A, p =
96.5326(11)°; V = 2065.32(6) A3, Z = 4, Deye = 1.292 gmL1. The
diffraction data were collected with a Nonius Kappa CCD dif-
fractometer [/ = 0.71073 A T = 150(2) K; absorption was ne-
glected, 1 = 0.73 mm™']. A total of 31844 diffractions was collected
(£hxk=xl, 0., = 27.5°), of which 4729 were unique (R;, = 3.2%),
and 4130 were observed according to the 7>2o([) criterion.

The structure solution and refinement was carried out as described
above (SIR97 and SHELXL97). All heavy atoms were refined with
anisotropic displacement parameters, while the hydrogen atoms
were refined isotropically except those in the cyclopentadienyl and
methyl moieties, which were placed in their calculated positions
and refined as riding atoms. The refinement converged (A/G.x =
0.001, 296 parameters) to R = 2.9% for the observed diffractions
and to wR = 7.4%, GOF = 1.06 for all diffractions. The final differ-
ence map showed no peaks of chemical significance (Apyax = 0.27,
Apmin = —0.31 e A-3).
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CCDC-754560 (for 2¢) and -754561 (for 2d) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Bis(amido)cyclodiphosphazanes, cis-[(tBuN-p),(PNC HgO),]
(2) and cis-[(tBuN-p),(PNC,HgNMe),] (3) were synthesized
by treating the corresponding amines with cis-[CIP({BuN-p),-
PC1] (1). The stoichiometric reactions of 2 or 3 with elemental
sulfur and selenium afforded the bis-chalcogenides, cis-
[(tBuN-p),(P(E)]NC,HgX),] X =0O,E=S;4, X =NMe, E =§5;
5, X=0,E=Se; 6, X=0, E=Se; 7). The reactions of 2 or 3
with [PdCl,(SMe,),] produced exclusively the mononuclear
trans-[PdCl,{(tBuN-p),(PNC,HgX),},] (X = O; 8, X = NMe; 9),
whereas the reactions with [Pd(u-Cl)(n3-C3Hs)], afforded the
bimetallic complexes [{PACl(n3-C3Hs)},{(tBuN-p),(PNC,-
HgX),}] (X =0; 10, X = NMe; 11) in good yield. Treatment of

2 or 3 with [AuCl(SMe,)] in 1:1 and 1:2 molar ratios yielded
the mono- and binuclear complexes, [{AuCl({BuN-p),-
(PNC4H50),}] (X = O; 12, X = NMe; 13), [{AuCl},{(tBuN-p),-
(PNC4HgO),}] (X = O; 14, X = NMe; 15), respectively. The
Pd" (8) and Au' (12) complexes were used as metallo-ligands
to prepare homo- and heterometallic complexes, trans-
[PACL,{(tBuN-p),(PNC4HgO),},{Pd(n3-C3Hs)Cl},] (16), trans-
[PACl,{(tBuN-p),(PNC4HgO),}2(AuCl),]  (17), and [Cu-
(CH3CN) (p-Cl1)2Cu(CH3CN){(tBuN-p) o (PNC4H;5 O)2} o (Aul),]
(18). The crystal structures of 2, 4, 7-9, 14, 15, and 18 were
established by single-crystal X-ray diffraction studies.

Introduction

Cyclodiphosphazanes constitute the major class of P-N
compounds having alternate phosphorus and nitrogen
atoms in their four-membered cyclic skeletons.[!] Recently,
we explored the transition-metal chemistry of cyclodiphos-
phazanes containing several hemilabile functionalities.
Slight variations in the phosphorus substituents brought
significant changes in their binding properties and resulted
in novel complexes with totally different and interesting
structural features, especially with Group 11 metals.?! As
an extension of ourll interest and for others!*! with an inter-
est in cyclodiphosphazane ligand systems, we report in this
paper some transition-metal complexes of cyclodiphos-
phazanes appended with morpholine and N-methylpiperaz-
ine functionalities.

Results and Discussion

The reactions of cis-[(tBuN-p)PCl], (1) with four equiva-
lents of morpholine or N-methyl piperazine in diethyl ether
afforded the corresponding bis(amido)cyclodiphosphazane
derivatives cis-[(tBuN-p),(PNC4HgO),] (2) and cis-[(tBulN-
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W)-(PNC4HgNMe),] (3) in good yield (Scheme 1). The li-
gands 2 and 3 are colorless crystalline solids and are moder-
ately stable towards air and moisture both in the solid state
and in solution. The 3'P NMR spectra of 2 and 3 show
single resonances at ¢ = 92.8 and 91.4 ppm, respectively.
The high field chemical shifts confirm the cis conformation
with respect to the phosphorus substituents.'¢->) The 'H
NMR spectrum of ligand 2 shows a triplet at 6 = 3.52 ppm
(Jun = 9.2 Hz) for the OCH, protons and the NCH, pro-
tons appeared as a broad signal at 6 = 3.15 ppm. The two
different sets of NCH, protons of 3 resonate as singlets at
0 = 3.12 and 2.37 ppm, whereas the NCH; protons appear
as a sharp singlet at 6 = 2.21 ppm. The molecular structure
of 2 was confirmed by a single-crystal X-ray diffraction
study.

X\ //\\//X
tBu X
cl ~\ tBu N
N N~p \—~NH NN N
~y Et,0, 25 °C 2x-0 ~n"
tBu =
3X=Nme BY
1
Toluene| S/ Se
/\/X

4 X=0 E=S X\/\ tBu N/\/

5 X=NMe E=S \—~N N/

6 X=0 E=Se Sp >R

7 X=NMe E-=Se E//\N/\E

tBu

Scheme 1. Synthesis and derivatization of bis(amido)cyclodi-

phosphazanes 2 and 3.
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The bis(amido)cyclodiphosphazanes 2 and 3 react
smoothly with elemental sulfur or selenium to give the cor-
responding 2,4-dichalcogen-substituted cyclodiphosph(V)-
azanes, cis-[(1BuN-p),(P(E)NC4HgX),] (4-7) in good yield.
The bis(sulfide) derivatives cis-[(zBuN-u),(P(S)NC,HgX),]
(4, X = O; 5, X = NMe) appear as sharp singlets at 0 =
46.7 and 46.6 ppm in their phosphorus-31 NMR spectra.
The 3'P NMR spectra of cis-[(tBuN-p)»(P(Se)NC4HgX),]
(6, X = O; 7, X = NMe) consist of sharp singlets at ¢ =
39.2 and 40.2 ppm, respectively, superimposed on which are
two approximate doublets (92:8 as per NMR intensity) cor-
responding to the 7’Se satellites arising from the [(NC,HgX)-
P(Se)(n-NtBu)P(7Se)(NC4HgX)] isotopomer. The satellite
pattern is strictly the AA’ portion of an AA'X spin system
[A, A" =3P; X = 77Se (I = 1/2, 7.6% abundance)] as a result
of magnetic nonequivalence of the phosphorus atoms.
From the satellite spectra one obtains |'Jpg.|(AX) couplings
of 893 and 917 Hz, respectively, for 6 and 7 and similarly
[PJpp|(AA’) couplings of 28.9 and 27.8 Hz, respectively,
which are comparable with literature values for related com-
pounds.[® The '"H NMR spectra and microanalyses of the
compounds 4-7 are consistent with the proposed structures.
Further, the molecular structures of 4 and 7 were confirmed
by single-crystal X-ray diffraction studies.

Palladium(IT) Complexes

The reactions of 2 or 3 with cis-[PdCl,(COD)] or trans-
[PdCl,(SMe»),] afforded exclusively the mononuclear trans-
[PACL{(1BuN-p),(PNC4HgX),},] (8, X = O; 9, X = NMe)
complexes irrespective of the stoichiometry of the reactants
and the reaction conditions. In contrast, the treatment of
[Pd(u-Cl)(n3-C3Hs)], with ligands 2 or 3 in 1:1 molar ratio
afforded the binuclear complexes [{PdCl(n3-C5Hs)} »(tBuN-
WH-(PNC4HgX),] (10, X = O; 11, X = NMe), where the
cyclodiphosphazanes are coordinated in a bridged bidentate
fashion (Scheme 2).

The *'P NMR spectra of complexes 8 and 9 show two
single resonances at 0 = 98.3 and 97.8 ppm for the uncoor-
dinated phosphorus centers, whereas the coordinated phos-
phorus centers appear as singlets at 6 = 70.6 and 70.2 ppm,
with the coordination shifts of 22.6 and 21.2 ppm, respec-
tively. The uncoordinated phosphorus centers 8 and 9 show
downfield shifts of 5.5 and 6.4 ppm, respectively, in their
3IP NMR spectrum. The 'H NMR spectra of 8 and 9 show
unresolved multiplets for the morpholine and N-methyl-
piperazine protons in the region of 3.89-2.76 ppm. The 3'P
NMR spectra of binuclear palladium complexes 10 and 11
show singlets at 6 = 94.3 and 93.8 ppm, respectively. The
molecular structures of trans-[PdCl,{(zBuN-p),(PNC4Hg-
0)2}2] (8) and lmns-[PdClz{(tBuN-u)z(PNC4H8NMe)2}2] (9)
were determined by single-crystal X-ray diffraction studies.

Gold(I) Complexes

Slow addition of [AuCl(SMe,)] to ligands 2 or 3 in 1:1
molar ratio afforded the mononuclear gold(I) complexes
[AuCl{(tBuN-p),(PNC,4HgX),}] (12, X = O; 13, X = NMe)
in good yield. The 3'P NMR spectra of complexes 12 and
13 show singlets at 6 = 87.1 and 86.4 ppm for the uncoordi-
nated phosphorus centers, whereas the chemical shifts due
to the coordinated phosphorus centers appear as singlets at
0 = 71.6 and 70.2 ppm, respectively. Similar reactions in
1:2 molar ratio produce the binuclear complexes
[{AuCl},{(rBuN-p),(PNC4HgX),}] (14, X = O; 15, X =
NMe) (Scheme 2). The 3'P NMR spectra of 14 and 15 show
single resonances at 0 = 76.8 and 76.9 ppm, respectively.
The 'H NMR spectra and elemental analyses data of 12-15
are consistent with the proposed structures. The molecular
structures of 14 and 15 were further confirmed by single-
crystal X-ray diffraction studies.

Homo- and Heterometallic Complexes of 8 and 12

The coordination modes of cyclodiphosphazane (mono-
dentate or bridging bidentate) ligands 2 and 3 can be al-

X
y mx X\ Bu Nm
AN NS
N ~ N\ /
P< P 0.5 [Cl,Pd(SMey),] ~y~ Pd Bu
/ N tBu / \ /N
Au c” e\
/ TR DCM, r.t. AP
cl - /N N N
A 13 X = NMe X~/ tBu m
X
8X=0
[(MSZCSI\:IAUSI] /\/x 9 X = NMe
r.t
! /\/
N
2x=0 [PA(7-C3Hs)Cl,
3 X = NMe DCM, r.t.
X\ \ X
tBu
\/\N\ N\ / XV\ Bu N%
v =) \/\N N
SN NN~ S
& N DCM, rt. (\P d/P\N/ e /,
7 tBu \CI . | Bu ~
cl 14X=0 cl
15 X = NMe 12§=8M
= e

Scheme 2. Synthesis of Pd"" and Au' complexes of ligands 2 and 3.
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Scheme 3. Homo- and heterometallic complexes of metalloligands 8 and 12.

tered by choosing the appropriate metal precursors and
their stoichiometry.”® Since the metal complexes such as
Pd™ (8) and Au' (12) containing cyclodiphosphazane bound
in a monodentate fashion can act as metalloligands due to
the presence of uncoordinated phosphorus atoms, they can
be conveniently used to construct homo- or heterometallic
complexes and high nuclearity clusters.

The 1:1 reaction of [Pd(p-Cl)(n3-CsHs)], with metalloli-
gand 8 gave the reddish yellow trinuclear (Pd/2Pd") complex
trans-[PdCl, {(1BuN-p)>,(PNC4H30),}»(Pd(n3-C5H;5)CI),]
(16) in good yield. The 3'P NMR spectrum of 16 shows
two singlets at 0 = 94.3 and 57.1 ppm, respectively for the
Pd’-P and Pd-P centers. Treatment of two equivalents of
[AuCI(SMe,)] with 8 in dichloromethane afforded hetero
trinuclear (Pd/2Au) trans-[PdCl,{(zBuN-u),(PNC,HO),} -
(AuCl),] (17) as a yellow crystalline solid. The *'P NMR
spectrum of trimetallic complex 17 shows a sharp singlet at
0 = 87.1 ppm for gold-bound phosphorus centers and a sin-
glet at 0 = 71.7 ppm for the palladium-bound phosphorus
centers. The reaction of mononuclear gold(I) complex 12
with Cul in 1:1 molar ratio resulted in the formation of a
tetranuclear bimetallic 2Cu'/2Au! complex [(Cu(p-Cl),Cu)-
(CH3CN),»{(BuN-p)»,(PNC4Hg0),}»(Aul),] (18) as shown
in Scheme 3. The 3'P NMR spectrum of tetranuclear com-
plex 18 shows a broad singlet at 6 = 86.8 ppm and a sharp
singlet at 6 = 68.3 ppm, respectively for the copper- and
gold-bound phosphorus centers. The 'H NMR spectra and
elemental analyses data of heterometallic complexes 16-18
are consistent with the proposed structures. Further, the
molecular structure of 18 was confirmed by a single-crystal
X-ray diffraction study. The X-ray crystal structure of 18
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reveals the presence of Au-I bonds instead of Au—CI bonds.
This clearly indicates that halide exchange has occurred al-
though it is not quite complete as the X-ray analysis shows
the bridging position between the copper atoms to be 90 %
chloride and 10% iodide. We suggest that halide exchange
occurs first between 12 and Cul to form the Au-I derivative
with simultaneous formation of CuCl which later reacts
with the uncoordinated phosphorus center to afford the tet-
ranuclear complex 18. Similar halogen exchange between
Cul and platinum metal halide complexes was observed in
our previous studies.[?2-2b]

Molecular Structures of Compounds 2, 4, 7-9, 14, 15, and
18

Perspective views of the molecular structures of 2, 4, 7-
9, 14, 15, and 18 along with the atom labeling schemes are
shown in Figures 1, 2, 3, 4, 5, 6, 7, and 8. The crystallo-
graphic data and details of the structural determinations
are given in Tables 1 and 2 and selected bond lengths and
angles are listed in Tables 3, 4, 5, 6, 7, 8, 9, and 10.

The colorless crystals of 2 suitable for single-crystal X-
ray diffraction study were obtained by keeping the toluene
solution at -25 °C for a day.

Ligand 2 possesses crystallographically imposed centro-
symmetry so that the asymmetric unit consists of one half
molecule. The amido [-NC4H3O] groups present on the
P,N, ring have the thermodynamically stable chair confor-
mation. The rigid four-membered P,N, ring is folded along
the N1-*N1’ axis such that the dihedral angle between the
4203
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Figure 1. The molecular structure of 2. All hydrogen atoms were
omitted for clarity. Thermal ellipsoids are drawn at the 50% prob-
ability level.

Figure 2. The molecular structure of 4. All hydrogen atoms were
omitted for clarity. Thermal ellipsoids are drawn at the 50% prob-
ability level.

Figure 3. The molecular structure of 7. All hydrogen atoms were
omitted for clarity. Thermal ellipsoids are drawn at the 50% prob-
ability level.

Figure 4. The molecular structure of 8. All hydrogen atoms were
omitted for clarity. Thermal ellipsoids are drawn at the 50% prob-
ability level.

PNIN1’ and P'NINI’ planes is 25.6(3)°. The phosphorus
atoms are in distorted pyramidal geometry being attached
to two —N7Bu moieties and one amido [-N(CH,),0] group.
The endo P-N1 bond length is 1.724(3) A which is close to
the range of P-N single bond lengths found previously
4204
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Figure 5. a) The molecular structure of 9. All hydrogen atoms and
lattice water molecules were omitted for clarity. Thermal ellipsoids
are drawn at the 50% probability level. b) Ball-and-stick model
showing the two-dimensional sheet structure of 9 in the crystal lat-
tice due to the presence of intermolecular hydrogen bonding with
the lattice water.

Figure 6. The molecular structure of 14. All hydrogen atoms were
omitted for clarity. Thermal ellipsoids are drawn at the 50% prob-
ability level.

Figure 7. The molecular structure of 15. All hydrogen atoms and
lattice acetonitrile were omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level.

Eur. J. Inorg. Chem. 2010, 4201-4210
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Figure 8. The molecular structure of 18. All hydrogen atoms and
lattice acetonitrile were omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level.

(1.75-1.80 A). By contrast, the exo P-N2 distance is signifi-
cantly shorter at 1.662(3) A. This is close to the average of
P-N single bond (1.75-1.80 A) and P-N double bond
(1.47-1.55 A) distances, indicating the involvement of the
lone pair of electrons on the nitrogen atom in p,—d, or N,,,—
P.« bonding.'4] The C-O bond lengths (Table 3) appear
to be slightly different. There are no significant C-H---O
intermolecular interactions.

The bis(sulfide) 4 crystallizes without crystallographi-
cally imposed symmetry. The folding of the cyclodi-
phosphazane ring along the N1---N2 axis is less than that
in 2 with the dihedral angle between the PININ2 and
P2NIN2 planes being 19.4(1)°. The sulfur atom and the
exo-cyclic amido substituents on the phosphorus centers
are present in the cis configuration. The ring nitrogen atoms
adopt near planar geometry with the sum of the bond
angles around nitrogen atoms being 354.31°(N1) and

Table 1. Crystallographic data for 2, 4, and 7-9.

European Journal
of Inorganic Chemistry

354.23° (N2). The exo- and endo-cyclic P-N bond lengths
are 1.6447(12) A (P1-N3) and 1.6869(12) A (P1-N1),
respectively. The P=S bond lengths [P1-S1, 1.9302(4) A and
P2-S2, 1.9387(5) A] are nearly the same and are compar-
able with those in other related compounds such as cis-
[(1BuN-p),(P(S)N(H)Ph),] (2) [P-S, 1.9264(9) A] and {cis-
[S=P(u-NzBu),[n(-OCH,CMe,CH,0-)]}, [P-S 1.912(2)-
1.923(2) A].”! There are two C—H--S contacts which are
somewhat shorter than the sum of the van der Waals radii
(3.00 A),®1 viz. C7-H7b--S1 (at 0.5 —x, 1.5 — y, —2): 2.97 A,
161°; C9-H9b-S2 (at —x, 0.5 + y, 0.5 — z): 2.86 A, 138°. A
survey of structures reported in the Cambridge Crystallo-
graphic Database which contain the {P=S} moiety shows
that about 55 have intermolecular C-H-S contacts less
than 2.90 A although in only one casel® was this feature
commented on and there appears as yet to be no consider-
ation whether this interaction should be considered as a
weak C-H---S hydrogen bond.

The X-ray quality crystals of 7 were grown by keeping
the toluene solution overnight at —25 °C. The bis(selenide)
7, in which the asymmetric unit contains two independent
molecules, is quite similar to the structure of 4 although the
folding of the P,N, rings along the N--N axes is slightly
less [15.9(1)° and 15.5(1)° for molecules 1 and 2, respec-
tively]. There is also a small twist in the orientations of the
exocyclic substituents on each ring as evidenced by a dihe-
dral angle of 6.4(1)° between the SelPIN5 and Se2P2N3
planes in molecule 1 and of 4.3(1)° between the Se3P3N9
and Se4P4N11 planes in molecule 2. The two independent
molecules differ relatively little in their other metrical pa-
rameters except that the N-methylpyrazine groups built on
NS5 and N11 have opposite chair conformations. The P=Se
distances fall in the narrow range 2.0885(7)-2.0934(7) A.
While the other bond parameters follow the same pattern

2 4 7 8 9
Formula C6H34N4O,P, Ci6H34N,0,P5S, CgHyoNgP>Se, C3,HgCLNgO4P,Pd C3¢HgoCLLN,P,Pd-2H,0
Fw 376.41 440.55 560.42 930.14 1018.33
Crystal system orthorhombic orthorhombic orthorhombic triclinic monoclinic
Space group Pben (No. 60) P2,2,2; (No. 19) Aba2 (No. 41) PI (No. 2) P2,/n (No. 14)
a[A] 16.858(3) 10.3997(7) 44.534(3) 9.7985(9) 10.3512(4)
b [A] 7.319(10) 14.5038(9) 15.071(1) 10.0093(9) 23.0698(9)
c[A] 17.205(3) 14.6807(9) 15.024(1) 12.482(1) 11.5075(4)
a [ 90 90 90 93.244(1) 90
B 90 90 90 101.068(1) 114.067(1)
7 [°] 90 90 90 116.401(1) 90
VA3 2122.8(6) 2214.4(2) 10083.7(12) 1061.99(16) 2509.11(16)
V4 4 4 16 1 2
Pealed. [gem ] 1.178 1.321 1.477 1.454 1.348
1 (Mo-K,) [mm™] 0.220 0.403 3.077 0.758 0.647
F (000) 816 944 4608 488 1080
Crystal size [mm)] 0.17X0.20 X 0.22 0.15x0.20 X 0.24 0.120.13x0.22 0.07 X0.15x0.28 0.100.17x0.24
T [K] 100 100 100 100 100
20 range [°] 24,284 24,283 1.8, 28.3 1.7, 28.3 2.1,283
Total reflections 17165 39382 44440 15061 43795
Indepentent reflections 2606 [R iy = 0.043] 5499 [Reiny = 0.041] 11953 [Riny = 0.037] 15061 [Reiny = 0.0372] 6207 [Ring = 0.038]
R 0.0661 0.0263 0.0285 0.0372 0.0268
WR,! 0.2150 0.0662 0.0620 0.0809 0.0671
GOF [F] 1.131 1.092 1.031 0.951 1.054

[a] R = Z|IFy| — |FVZ[F. [b] wRy
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{Zw(F? = FOZwES 2w = V[o(F?) + (xP)’].
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Table 2. Crystallographic data for 14, 15, and 18.

14 15 18
Formula C16H34AUZC12N402P2 C13H40AUZC12N6P2'CH3CN C36H72AUZC12C1]212N1004P4'2H20
Fw 841.24 908.39 1716.68
Crystal system monoclinic orthorhombic triclinic
Space group P2,/n (No. 14) Pbca (No. 61) P1 (No. 2)
a[A] 10.332(1) 16.897(12) 9.0919(3)
b[A] 15.857(2) 16.444(12) 10.2931(4)
¢ [A] 14.979(2) 21.753(2) 16.2912(6)
a[°] 90 90 75.381(1)
L1° 94.215(2) 90 80.925(1)
y[° 90 90 75.997(1)
VA3 2447.4(5) 6044(6) 1423.79(9)
V4 4 8 1
Pealed. [gem 3] 2.283 1.997 2.025
1 (Mo-K,) [mm 1] 12.344 10.002 7.211
F (000) 1584 3472 836
Crystal size [mm] 0.14X0.15X%0.15 0.09 xX0.17%0.20 0.14x0.20x0.22
T [K] 102 100 100
20 range [°] 2.3,28.5 24,283 2.1, 28.8
Total reflections 42048 27822 25423
Indepentent reflections 6129 [R;, = 0.058] 7522 [Ryne = 0.044] 7195 [Rine = 0.025]
R, 0.0351 0.0251 0.0194
WR,! 0.0958 0.0562 0.0489
GOF [F?] 1.044 1.050 1.086

[a] R = Z||F,| — |FI/Z|F,). [b] wRy = {[Zw(F,? — FAEW(EL?M2 w = 1/[c2(F,2) + (xP)?].

Table 3. Selected bond lengths [A] and bond angles [°] for 2.

Table 5. Selected bond lengths [A] and bond angles [°] for 7.

Bond [A] Bond angles [°] Bond [A] Bond angles [°]
lengths lengths
P-NI1 1.724(3) NI1-P-N2 108.61(13) Sel-P1 2.0892(7) Sel-P1-N1 120.68(8)
P-N2 1.662(3) NI1-P-NI1! 79.99(11) Se2-P2 2.0934(7) Sel-P1-N2 117.16(8)
0-C3 1.409(4) N1L-P-N2 107.24(12) P1-N2 1.712(2) Sel-P1-N5 111.42(8)
0-C4 1.432(7) C3-0-C4 110.7(3) P1-N1 1.679(2) NI1-P1-N2 83.27(10)
NI-Cl 1.481(4) P-NI-Cl 123.42) PI-N5 1.647(2) NI-P1-N5 108.55(11)
N2-C2 1.489(6) P-N2-C2 116.6(2) P2 N2 1.686(2) N2-P1-N5 112.96(11)
P-N2-C5 126.1(3) P2-N1 1.715(2) N1-P2-N2 82.97(10)
P2-N3 1.6414(19) N1-P2-N3 113.33(11)
N6-C18 1.460(4) N2-P2-N3 108.59(11)
R o N4-C10 1.462(4) C15-N6-C16 109.2(2)
Table 4. Selected bond lengths [A] and bond angles [°] for 4. C15-N6-C18 110.0(2)
Bond [A] Bond angles [°] C10-N4-C11 109.2(2)
lengths C10-N4-C13 109.0(2)
S1-P1 1.9302(4) S1-P1-P2 120.66(2)
IS)%:I;IZI %2;2;5?2) Si:gi:ﬁé %%232&3 Table 6. Selected bond lengths [A] and bond angles [°] for 8.
P1-N2 17102(12) S1-P1-N3 11216(4) Bond [A] Bond angles [°]
P2-N1 1.7013(12) P2 PI-NI 42.72(4) lengths
P2-N2 1.6796(12) P2-P1-N3 127.17(4)
P2-N4 1.6484(13) N2-P1-N3 112.47(6) Pd-Cl 2.3013(5) Cl-Pd-P1 92.58(2)
01-C10 1.422(2) C10-01-C11  109.36(12) ~ Pd-PI 2.344005) Cl-Pd-Cl 180.00
NI-CI 1.4925(19) Cl14-02-C15  108.84(12)  PI-NI 1.6537(16) CI-Pd-P1 87.42(2)
P1-N2 1.6784(18) P1-Pd-P1! 180.00
P1-N3 1.6972(15) Pd-P1-N1 114.66(6)
o , , . P2N2 1.7677(15) Pd-P1-N2 111.19(5)
as for 4. The most significant intermolecular interaction is  pr_N3 1.7291(18) Pd—P1-N3 121.98(5)
a weak C-H-N hydrogen bond [C35-H35B--N10 (at 1 — P2-N4 1.6832(16) N1-P1-N2 109.14(8)
x, 1—yp 2): 2.69 A, 159. 01-C2 1.431(3) N2-P1-N3 82.86(8)
The mononuclear trans-palladium(I) complex 8 has €2-01-C3 110.48(14)
C13-02-Cl14 110.03(15)

crystallographically imposed centrosymmetry with the two
P,N, rings arranged in trans orientations with respect to
the uncoordinated phosphorus centers. The geometry
around the palladium metal center is distorted square
planar with the corners occupied by two phosphorus atoms
from the cyclodiphosphazane ligands and two chlorine
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atoms. The cis angles around the palladium metal center
are 92.58(2)° (P1-Pd-Cl) and 87.42(2)° (P1-Pd-Cl).
The Pd-P1 bond length of 2.3440(5) A is comparable to
that in the aminophosphane complex trans-[PdCl,-
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Table 7. Selected bond lengths [A] and bond angles [°] for 9.

Bond [A] Bond angles [°]
lengths
Pd1-Cl1 2.3182(4) Cl1-Pd1-P1 93.30(1)
P1-NI1 1.6610(13) Cl1-Pd1-P1i 86.70(1)
P1-N3 1.6860(15) Cll1-Pd1-ClI 180.00
P1-N4 1.6913(13) Pd1-P1-N1 114.22(5)
P2-N3 1.7650(14) Pd1-P1-N4 123.03(5)
P2-N4 1.7357(14) Pd1-P1-N3 110.66(5)
P2-NS5 1.6784(15) NI1-PI1-N3 110.40(7)
N6-C18 1.461(2) N3-P1-N4 82.62(7)
N2-C5 1.463(2) C15-N6-Cl16 109.46(14)
C15-N6-C18 110.57(14)
C2-N2-C5 109.75(15)
C3-N2-C5 110.56(14)

Table 8. Selected bond lengths [A] and bond angles [°] for 14.

Bond [A] Bond angles [°]
lengths
Aul-Cll1 2.2933(15) Cl1-Aul-P1 174.29(5)
Aul-Pl 2.2253(13) CI12-Au2-P2 173.70(6)
Au2-CI2 2.2761(15) Aul-P1-N1 113.28(16)
Au2-P2 2.2139(14) Aul-P1-N2 118.85(17)
P1-N1 1.709(4) Aul-P1-N3 114.46(18)
P1-N2 1.694(5) NI-P1-N2 82.8(2)
P1-N3 1.638(5) Au2-P2-N1 115.87(16)
01-C10 1.427(8) Au2-P2-N2 114.97(17)
0O1-Cl11 1.422(8) Au2-P2-N4 114.81(19)
NI1-P2-N2 83.0(2)
N1-P2-N4 111.4(2)
N2-P2-N4 113.03)

Table 9. Selected bond lengths [A] and bond angles [°] for 15.

Bond [A] Bond angles [°]

lengths

Aul-Cl1 2.2864(19) Cl1-Aul-P1 178.46(4)
Aul-Pl 2.2224(18) CI2-Au2-P2 177.37(4)
Au2-CI2 2.285(2) Aul-P1-N1 119.59(10)
Au2-P2 2.2216(19) Aul-P1-N2 117.41(10)
P1-N1 1.686(3) Aul-P1-N3 110.23(11)
P1-N2 1.704(3) Au2-P2-N1 116.91(10)
PI-N3 1.632(3) Au2-P2-N2 117.73(10)
NI-C1 1.496(5) Au2-P2-N5 112.40(12)
N3-C9 1.472(4)

Table 10. Selected bond lengths [A] and bond angles [°] for 18.

Bond [A] Bond angles [°]
lengths

Aul-I1 2.5633(2) I11-Aul-P1 176.31(2)
Aul-Pl 2.2486(6) Cl1-Cul-P2 115.99(7)
Cul-Cll 2.389(3) Cll-Cul-CI1 94.42(9)
Cul-N5  2.009(2) P2-Cul-N5 116.25(7)
Cul-P2 2.1981(7) Cl1-Cul-N5 112.82(9)
PI-N2 1.688(2) ClI-Cul-P2  111.86(6)
PI-N3 1.650(2) Aul-PI-N2 117.29(8)
PI-NI 1.690(2) Aul-PI-N1 121.68(8)
P2N2 1.743(2)

(Ph,PNHCH,CH,OCHj5),] [2.3304(12) A]' but is slightly
longer than that observed in trans-[PdCl,{(rBulNP-
(OC¢H,OMe-0)),}5] [Pd-P is 2.299(1) A] indicating a
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greater sigma donor character of the bis(amido) cyclodi-
phosphazane ligand. The extent of folding of the P,N, ring
is 21.4(1)°.

Complex 9 has a structure very similar to that of 8 and
also has crystallographically imposed centrosymmetry. The
patterns of bond lengths and bond angles in 9 are similar
to those in 8 while the folding of the P,N, ring is somewhat
greater at 23.1(1)°. The interesting feature in the molecular
structure of 9 is the presence of intermolecular hydrogen
bonding between the hydrogen atoms of the lattice water
molecules and the nitrogen atoms of the N-methyl pipera-
zine moieties. The hydrogen bond parameters are H1O---N2
223 A, O1-HIO-+N2 171° and H20-+N6 2.20 A, Ol-
H20-*N6 144°. The presence of these intermolecular hy-
drogen bonding interactions leads to the formation of an
extended two-dimensional sheet structure in the crystal lat-
tice as shown in part b of Figure 5. In addition the lattice
water is involved in a C-H-+-O hydrogen bond within the
asymmetric unit (C12-H12b-+O1: 2.59 A, 158°).

Crystals of 14 suitable for X-ray diffraction study were
grown by slow evaporation of a mixture of dichloromethane
and petroleum ether at room temperature. The two univa-
lent gold atoms are in nearly linear coordination with P1-
Aul-ClIl and P2-Au2-CI2 bond angles of 174.29(5)° and
173.70(6)°, respectively. These moieties are less linear than
in the complex (PPh3)AuCl (P-Au-Cl 179.63°). The Au-P
bond lengths in 14 differ slightly [Aul-P1, 2.2253(13) A and
Au2-P2, 2.2139(14) A] as do the Au—Cl bond lengths [Aul—
Cl1, 2.2933(14) A and Au2-CI2, 2.2761(15) A]. The folding
of the P2N2 ring amounts to 18.6(3)° and there are two
notable intermolecular hydrogen bonds involving C-H
units. These are C12-H12b--O2 (at 1.5 —x, -0.5 +y, 1.5 —
z) with H-0 2.42 A and C-H-+O 175° and C4-H4c---CI2
(at —0.5 + x, 0.5 — y, —0.5 + z) with H-+Cl 2.82 A and C—
H--Cl 148°. The two gold atoms are separated by 4.473 A
indicating the absence of a gold—gold interaction.

In complex 15, the P-Au—Cl units are significantly more
linear [P1-Aul-Cl1 178.46(4)° and P2-Au2-CI2 177.37(4)°]
than is the case in complex 14 but the folding of the P,N,
ring is essentially the same [18.2(2)°]. The other bond
lengths and bond angles of 15 are similar to those of 14
and there is an intermolecular C-H--N hydrogen bond
[C8—H8a-*N6 (at 1.5— x, 0.5 + y, z) with H~*N 2.56 A and
C-H--N 167°].

The X-ray quality crystals of 18 were grown from a 1:1
solution of CH,Cl,/CH;CN (1:1) at room temperature. The
tetranuclear complex 18 has crystallographically imposed
centrosymmetry with the cyclodiphosphazane bridging the
gold(I) and copper(I) metal centers in a cis fashion. The
P,N, ring present in the tetranuclear complex 18 is folded
along the N1-+N2 axis by 21.2(2)°. The planarity of the
Cu,X, unit is a consequence of the centrosymmetry.

The unique gold center is nearly linear [I1-Aul-PI
176.31(2)°] whereas the copper atoms exist in a distorted
tetrahedral environment being coordinated by two bridging
chloride ions, one phosphorus atom and a nitrogen atom
from acetonitrile. The bond angles around Cul vary from
94.42(9)° (Cl1-Cul-Cl1) to 116.25(7)° (P2-Cul-N5). The
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distance between the two copper centers in the dimeric unit
is 3.271 A which is longer than the sum of the van der Waal
radii® thus suggesting no metallophilic interactions. The
Cul-P2 and Cul-N5 bond lengths are 2.1981(7) and
2.009(2) A which are comparable to that of other copper(I)
complexes containing cyclodiphosphazane ligands. The
Aul-P1 bond length in 18 is 2.2486(6) A, which is longer
than the same found in the binuclear gold complex 14 [Au—
P 2.2252(14) A], and is likely due to a stronger bonding
between gold and iodide than between gold and chloride.
As with 9, the lattice water in the crystal of 18 holds the
main molecules together via OH--Cl and OH---O hydrogen
bonds but here the result is one-dimensional ribbons paral-
lel to the ab plane [O3-H3o0a--CIl (at 1 + x, y, z): H--Cl
2.47 A; O-H-+Cl 148° and O3-H30b+02 (at 1 + x, 1 +y,
z): H+0 2.12 A; O-H--+0 139°].

Conclusions

Two new bis(amino)cyclodiphosphazanes containing
morpholine and N-methyl piperazine substituents have been
synthesized and structurally characterized. The coordina-
tion chemical shifts are negative in all complexes. Interest-
ingly, the sulfide derivative 4 shows two C-H-*:S contacts
which are somewhat shorter than the sum of the van der
Waals radii (3.00 A). Although similar observations were
made in 55 molecules containing the P=S moiety, no studies
have looked into these weak C—H---S hydrogen-bond inter-
actions. The bis(amino)cyclodiphosphazane ligands showed
flexible coordination behavior with the palladium(II) and
gold(I) metal precursors which led to the isolation of both
mono- and binuclear complexes containing cyclodi-
phosphazane moieties. The mononuclear palladium(II) and
gold(I) complexes were utilized to construct homo- and
hetero tri- and tetranuclear complexes containing Pd'/
2Pd'I, Pd/2Au!, and 2Au'/2Cu! metal centers. Utilization
of these metal complexes as catalysts in various organic
transformations and also to involve the coordination of do-
nor atoms present in the side arm to form catalytic precur-
sors is an area of active interest in our laboratory.

Experimental Section

General Procedures: All experimental manipulations were carried
out under a dry nitrogen or argon atmosphere, using standard
Schlenk techniques unless otherwise stated. Solvents were dried
and distilled prior to use by conventional methods. Cul was pur-
chased from Aldrich and used without further purification. The
precursors [CIP(u-NzBu)],,l'!1 [PACIy(SMe),],['21 [Pd(pu-Cl)(n-
C3H5)]5.13 and [AuCI(SMe,)|l'4 were prepared according to the
published procedures.

Spectroscopy: The 'H and *'P{'H} NMR (J in ppm) spectra were
obtained with a Varian VXR 400 spectrometer operating at fre-
quencies of 400 and 162 MHz, respectively. Tetramethylsilane and
85% H;PO, were used as internal and external standards for 'H
and 3'P{'H} NMR, respectively. Positive shifts lie downfield of the
standard in all cases. Microanalyses were carried out with a Carlo—
Erba Model 1106 elemental analyzer. Electro-spray ionization (EI)
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mass spectrometry experiments were carried out with a Waters Q-
Tof micro-YA-105 instrument. Melting points of all compounds
were determined with Veego melting point apparatus and were un-
corrected. GC analyses were performed with a Perkin—Elmer
Clarus 500 GC fitted with a flame-ionization detector (FID) and
packed column.

Synthesis of cis-[(rBuN-p),(PNC4H30),] (2): A solution of morph-
oline (2.41 g, 27.64 mmol) in diethyl ether (15 mL) was added drop-
wise to a stirring solution of [CIP(u-N7Bu)], (1.90 g, 6.91 mmol) in
ethyl ether (30 mL) at 0 °C over the course of 15 min. The reaction
mixture was allowed to attain room temperature and stirring was
continued for 16 h. The hydrochloride salts were filtered off, the
solvent was removed under reduced pressure, and the white residue
was dissolved in toluene and stored at —25 °C for a day to give 2
as a colorless crystalline compound; yield 90% (2.34 g, 6.22 mmol);
m.p. 138-140 °C. C;sH33,N40,P, (376.42): caled. C 51.05, H 9.10,
N 14.88; found C 51.25, H 9.15, N 14.75%. 'H NMR (400 MHz,
CDCl;): 0 = 3.59 (t, Jug = 9.2 Hz, 8 H, CH,), 3.15 (br. s, 8 H,
CH,), 124 (s, 18 H, /Bu)ppm. *'P{'H} NMR (161.8 MHz,
CDCl): 6 = 92.8 (s) ppm.

Synthesis of cis-[(fBuN-p),(PNC4HgNMe),] (3): A solution of N-
methyl piperazine (2.04 g, 20.35 mmol) in diethyl ether (15 mL) was
added dropwise to a stirring solution of [CIP(u-NzBu)], (1.40 g,
5.09 mmol) in ethyl ether (30 mL) at 0 °C over the course of 10 min.
The reaction mixture was allowed to attain room temperature and
the stirring was continued for a further 20 h. The hydrochloride
salts formed were filtered through frit containing celite. All the vol-
atiles were removed under vacuum leaving an oily liquid, which was
dissolved in acetonitrile and kept at —25 °C for 10 h to give 3 as a
colorless crystalline compound; yield 83% (1.70 g, 4.23 mmol);
m.p. 92-94 °C. CgH4NgP, (402.50): caled. C 53.71, H 10.01, N
20.88; found C 53.62, H 9.82, N 20.53%. '"H NMR (400 MHz,
CDCl3): 0 = 3.12 (br. s, 16 H, CH>), 2.21 (s, 6 H, NMe), 1.14 (s,
18 H, Bu) ppm. 3'P{'H} NMR (161.8 MHz, CDCl;): § = 91.4
(s) ppm.

Synthesis of cis-[(rBuN-p),(P(S)NC4HzO),] (4): A mixture of 2
(0.102 g, 0.26 mmol) and elemental sulfur (0.017 g, 0.53 mmol) in
toluene (10 mL) was heated under reflux for 16 h. The reaction
mixture was allowed to cool to room temperature and all the vola-
tiles were removed under vacuum. The residue was extracted with
dichloromethane, layered with petroleum ether (3 mL), and stored
at room temperature to give 4 as a colorless crystalline solid; yield
92% (0.11g, 0.25mmol); m.p. 198-200 °C. C,;sH34,N40,P-S,
(440.54): caled. C 43.62, H 7.78, N 12.71, S 14.55; found C 43.59,
H 7.65, N 12.55, S 14.63%. 'H NMR (400 MHz, CDCl5): § = 3.68
(t, Jun = 9.2 Hz, 8 H, CH,), 3.46 (br. s, 8 H, CH;), 1.52 (s, 18 H,
tBu) ppm. 3'P{'"H} NMR (161.8 MHz, CDCl;): § = 46.7 (s) ppm.

Synthesis of cis-[(tBuN-p),(P(S)NC,HgNMe),| (5): This was syn-
thesized by a procedure similar to that of 4, using 3 (0.102 g,
0.25 mmol) and elemental sulfur (0.015 g, 0.50 mmol); yield 88%
(0.102 g, 0.22 mmol); m.p. 184-186 °C. C;gH4oN¢P>S, (466.62):
caled. C 46.33, H 8.64, N 18.01, S 13.74; found C 46.45, H 8.82,
N 18.23, S 13.65%. 'H NMR (400 MHz, CDCl;): 6 = 3.54 (8 H,
br. s, CH,), 2.39 (br. s, CH,, 8 H), 2.31 (s, 6 H, NMe), 1.54 (s,
18 H, (Bu) ppm. 3'P{'H} NMR (161.8 MHz, CDCl;): § = 46.6
(s) ppm.

Synthesis of cis-[(fBuN-p),(P(Se)NC4HgO),| (6): This was synthe-
sized by a procedure similar to that of 4, using 2 (0.039 mg,
0.104 mmol) and elemental selenium powder (0.016 mg,
0.207 mmol); yield 90% (0.050 g, 0.093 mmol); m.p. 254-256 °C.
C6H34N40,P,Se, (534.34): caled. C 35.96, H 6.41, N 10.48; found
C 35.85, H 6.62, N 10.23. '"H NMR (400 MHz, CDCls): § = 3.67
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(t, Jun = 9.2 Hz, 8 H, CH,), 3.51 (br. s, 8 H, CHa), 1.56 (s, 18 H,
tBu) ppm. 3'P{'H} NMR (161.8 MHz, CDCls): 6 = 39.2 (s, 'Jpse
= 893, 2Jpp = 28.9 Hz) ppm.

Synthesis of cis-[(tBuN-p),(P(S)NC,HgNMe),| (7): This was syn-
thesized by a procedure similar to that of 4, using 3 (0.143 mg,
0.35 mmol) and elemental selenium powder (0.562 mg, 0.71 mmol);
yield 85% (0.169 g, 0.30 mmol); m.p. 216-218 °C. C;gH49NgP-Se,
(560.42): caled. C 38.57, H 7.19, N 14.99; found C 38.39, H 7.20,
N 15.15%. "H NMR (400 MHz, CDCl;): 6 = 3.44 (br. s, 8 H, CH>),
2.29 (br. s, CH,, 8 H), 2.11 (s, 6 H, NMe), 1.44 (s, 18 H, tBu) ppm.
SIP{'H} NMR (161.8 MHz, CDCls): § = 40.2 (s, 'Jpse = 917, 2Jpp
= 27.8 Hz) ppm.

Synthesis of trans-|PdCl,{(tBuN-p),(PNC4Hg0),},] (8): A dichloro-
methane solution (5 mL) of [PdCl,(SMe,),] (0.022 g, 0.073 mmol)
was added dropwise to 2 (0.055 g, 0.15 mmol) in dichloromethane
(5mL) at room temperature. The reaction mixture was stirred for
6 h and then concentrated to 5 mL, layered with petroleum ether
(2 mL) and placed at 25 °C for 18 h to afford compound 8 as a
yellow crystalline solid; yield 82% (0.055 g, 0.060 mmol); m.p. 160—
162 °C (dec.). C3HggCLNgO4P4Pd (930.14): caled. C 41.32, H
7.37, N 12.04; found C 4144, H 7.41, N 12.15%. 'H NMR
(400 MHz, CDCly): 6 = 3.98-3.11 (m, 32 H, CH,), 1.56 (s, 36 H,
{Bu) ppm. 3'P{'"H} NMR (161.8 MHz, CDCl,): 6 = 98.3 (s), 70.6
(s, Pd-P) ppm.

Synthesis of trans-[PdCl{(tBuN-p),(PNCHgNMe),},] (9): This
was synthesized by a procedure similar to that of 8, using 3
(0.055 g, 0.137 mmol) and [PdCl,(SMe,),] (0.021 g, 0.068 mmol);
yield 77% (0.052 g, 0.053 mmol); m.p. 164-166°C (dec.).
C36HgoCLLN | ,P4Pd (982.31): calcd. C 44.01, H 8.28, N 17.11; found
C 44.12, H 8.30, N 17.15%. '"H NMR (400 MHz, CDCls): § =
3.89-3.22 (m, 32 H, CH,), 2.30 (s, 6 H, NMe), 2.28 (s, 6 H, NMe),
1.51 (s, 36 H, rBu) ppm. *'P{'H} NMR (161.8 MHz, CDCl5): 6 =
97.8 (s), 70.2 (s, Pd-P) ppm. MS (EI): m/z (%) = 983.4 [M — CI].

Synthesis of [{PdCI(n3-C5Hs)},{(tBuN-p),(PNC4Hg0),}] (10): A
pale yellow solution of [Pd(p-Cl)(n3-C5Hs)], (0.035 g, 0.096 mmol)
in dichloromethane (5 mL) was added to a solution of 2 (0.036 g,
0.096 mmol) in dichloromethane (8 mL) at room temperature. The
reaction mixture was stirred for 4 h. The clear yellow solution was
concentrated and layered with petroleum ether to obtain 10 as a
yellow crystalline solid; yield 86% (0.061 g, 0.081 mmol); m.p. 140—
142 °C (dec.). CypHy4ClLN4O,P,Pd, (742.27): caled. C 35.59, H
597, N 7.55; found C 3541, H 595, N 7.38%. 'H NMR
(400 MHz, CDCl;): 0 = 5.59 (br. s, 6 H, CH,), 4.76 (br. s, 4 H,
CH), 3.74 (br. s, 8 H, CH,), 3.47 (br. s, 8 H, CH,), 1.57 (s, 18 H,
{Bu) ppm. *'P{'H} NMR (161.8 MHz, CDCls): 6 = 94.3 (s) ppm.

Synthesis of [{PdCI(n*-C5Hs)},{(fBuN-p)(PNCHsNMe),}] (11):
This was synthesized by a procedure similar to that of 10, using 3
(0.036g, 0.089 mmol) and [Pd(u-Cl)(n3-CsHs)l, (0.033 g,
0.089 mmol); yield 90% (0.068 g, 0.081 mmol); m.p. 156-158 °C
(dec.). CyHs5oCLNgP,Pd, (768.35): caled. C 37.51, H 6.55, N
10.93; found C 37.21, H 6.49, N 10.69%. '"H NMR (400 MHz,
CDCl;): 0 = 5.63 (br. s, 6 H, CH>), 4.73 (br. s, CH, 4 H), 3.74 (br.
s, 8 H, CH,), 3.47 (br. s, 8 H, CH>), 2.3 (s, 6 H, NMe), 1.42 (s, 18
H, Bu) ppm. 3'P{'H} NMR (161.8 MHz, CDCl;): § = 93.8
(s) ppm. MS (EI): m/z (%) = 733.4 [M - Cl].

Synthesis of [{AuCl(zBuN-p),(PNC4HgO),}| (12): To a solution of
2 (0.026 g, 0.068 mmol) in dichloromethane (4 mL) was added a
solution of [AuCl(SMe,)] (0.020 g, 0.068 mmol) in dichlorometh-
ane (8 mL) at room temperature. The reaction mixture was stirred
under dark for 4 h. The clear solution was concentrated and layered
with petroleum ether to obtain 12 as a colorless solid; yield 85%
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(0.035 g, 0.058 mmol); m.p. 212-216 °C (dec.). C;sH3,AuCIN,O,P,
(608.84): caled. C 31.56, H 5.63, N 9.20; found C 31.47, H 5.69, N
9.36%. 'H NMR (400 MHz, CDCls): 6 = 3.87-3.08 (m, 16 H,
CH,), 1.42 (s, 18 H, Bu)ppm. *P{'H} NMR (161.8 MHz,
CDCls): 0 = 87.1 (s), 71.6 (s, Au-P) ppm. MS (EI): m/z (%) = 573.2
M - Q).

Synthesis of [{AuCl(zBuN-p),(PNC4HgNMe),}| (13): This was syn-
thesized by a procedure similar to that of 12, using 3 (0.027 g,
0.068 mmol) and [AuCl(SMe,)] (0.020 g, 0.068 mmol); yield 77%
(0.033 g, 0.052 mmol); m.p. 194-196 °C (dec.). C1gH40AuCINgP,
(634.92): caled. C 34.05, H 6.35, N 13.24; found C 34.12, H 6.27,
N 13.18%. '"H NMR (400 MHz, CDCl;): § = 3.68-3.25 (m, 16 H,
CH,), 2.27 (s, 3 H, NMe), 2.24 (s, 3 H, NMe), 1.32 (s, 18 H,
{Bu) ppm. 3'P{'H} NMR (161.8 MHz, CDCl;): 6 = 86.4 (s), 70.2
(s, Au-P) ppm.

Synthesis of [{AuCl},{(zBuN-p),(PNC4HgO),}] (14): This was syn-
thesized by a procedure similar to that of 12, using 2 (0.022 g,
0.059 mmol) and [AuCl(SMe,)] (0.035g, 0.119 mmol); yield
92%  (0.046g, 0.054 mmol); m.p. 168-170°C (dec.).
C6H34Au,CILN,O,P, (841.26): caled. C 22.84, H 4.07, N 6.66;
found C 22.69, H 4.18, N 6.52%. 'H NMR (400 MHz, CDCl,): ¢
= 3.69 (br. s, 8 H, CH;), 3.67 (br. s, 8 H, CH,), 1.58 (s, 18 H,
{Bu) ppm. *'P{'H} NMR (161.8 MHz, CDCls): 6 = 76.7 (s, Au-
P) ppm. MS (EI): m/z (%) = 805.8 (M — Cl).

Synthesis of [{AuCl},{(rBuN-p),(PNC,HgNMe),}] (15): This was
synthesized by a procedure similar to that of 12, using 3 (0.024 g,
0.059 mmol) and [AuCl(SMe,)] (0.035 g, 0.119 mmol); yield 88%
(0.046 g, 0.053 mmol); m.p. 156-158 °C (dec.). C;sH4pAu,CLNgP,
(867.34): caled. C 24.92, H 4.65, N 9.69; found C 24.86, H 4.69, N
9.85%. '"H NMR (400 MHz, CDCls): 6 = 3.51 (s, 8 H, CH,), 3.49
(b, 8 H, CH>), 2.40 (s, 6 H, NMe), 1.56 (s, 18 H, tBu) ppm. 3'P{'H}
NMR (161.8 MHz, CDCl): 0 = 76.9 (s) ppm.

Synthesis of trans-|[PdClL{(tBuN-p),(PNC4H30),},{Pd(n3-CsHs)-
Cl},] (16): To a solution of 8 (0.040 g, 0.043 mmol) in dichloro-
methane (10mL) was added dropwise [Pd(p-Cl)(n?-CsHs)],
(0.016 g, 0.043 mmol) in dichloromethane (5 mL) over the course
of 3 min. The reaction mixture was stirred well at room tempera-
ture for 8 h. The clear solution was concentrated and layered with
petroleum ether to afford 16 as a reddish yellow crystalline solid;
yield 76% (0.042 g, 0.033 mmol); m.p. 152-154°C (dec.).
C3gH75CI4NgO4P,Pd; (1295.99): caled. C 35.21, H 6.06, N 8.64;
found C 35.06, H 6.25, N 8.79%. 'H NMR (400 MHz, CDCl5): 6
=5.59 (br. s, 6 H, CH,), 4.76 (br. s, 4 H, CH), 3.74-3.26 (m, 32 H,
CH,), 1.78 (s, 36 H, Bu)ppm. 3'P{'H} NMR (161.8 MHz,
CDCls): 6 = 94.3 (s, Pd’-P), 57.1 (s, Pd-P) ppm.

Synthesis of trans-|[PdCl,{(BuN-p),(PNC4HgO),},(AuCl),] (17): A
dichloromethane solution (5mL) of [AuCl(SMe,)] (0.015g,
0.053 mmol) was added dropwise to 8 (0.025 g, 0.026 mmol) in
dichloromethane (10 mL). The stirring was continued for a further
6 h at room temperature. A deep yellow solution was concentrated
and layered with acetonitrile to obtain 17 as a yellow crystalline
solid; yield 70% (0.026 g, 0.018 mmol); m.p. 190-192 °C (dec.).
C3,HgsAu,ClIiNgO4P,Pd (1394.98): caled. C 27.55, H 4.91, N 8.03;
found C 27.38, H 4.83, N 7.89%. 'H NMR (400 MHz, CDCl5): 6
= 3.78-3.25 (m, 32 H, CH>), 1.66 (s, 36 H, Bu) ppm. 3'P{!H}
NMR (161.8 MHz, CDCly): 6 = 87.1, (s, Au-P), 71.7 (s, Pd-P) ppm.

Synthesis of [(Cu(p-Cl),Cu)(CH3CN),{(fBuN-p),(PNCHg0),} -
(Aul),] (18): To a solution of 12 (0.040 g, 0.066 mmol) in dichloro-
methane (5 mL) was added dropwise Cul (0.013 g, 0.067 mmol) in
acetonitrile (5 mL) over the course of 2 min. The reaction mixture
was stirred well at room temperature for 4 h. The clear solution
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was concentrated and kept at room temperature for 2 d to afford
18 as a colorless crystalline compound; yield 66% (0.037 g,
0.044 mmol); m.p. 212-216 °C (dec.). C36H7,Au>Cl,Cu,I,N;(O4P,
(1678.66): caled. C 25.75, H 4.32, N 8.34; found C 25.78, H 4.35,
N 8.49%. 'H NMR (400 MHz, CDCls): 6 = 3.82-3.56 (m, 32 H,
CH,), 2.04 (s, 6 H, CH3), 1.57 (s, 36 H, tBu) ppm. *'P{'H} NMR
(161.8 MHz, CDCl): 0 = 86.8, (br. s, Cu-P), 68.3 (s, Au-P) ppm.

X-ray Crystallography: A crystal of each of the compounds 2, 4,
7-9, 14, 15, and 18 suitable for X-ray crystal analysis was mounted
in a Cryoloop™ with a drop of paratone oil and placed in the cold
nitrogen stream of the Kryoflex™ attachment of the Bruker APEX
CCD diffractometer. Full spheres of data were collected using 606
scans in o (0.3° per scan) at ¢ = 0, 120, and 240° (2, 7, 8) or a
combination of three sets of 400 scans in w (0.5° per scan) at ¢ =
0, 90, and 180° plus two sets of 800 scans in ¢ (0.45° per scan) at
w = =30 and 210° (4, 9, 14, 15, 18), all under the control of the
SMARTIS! (2, 4, 7, 8) and APEX2U'91 (9, 14, 15, 18) software
packages. For 8 and 15, inspection of reciprocal lattice displays of
selected reflections taken from the full data sets gave definite
evidence for twinning. Processing of these reflection sets with
CELL_NOW!!7 showed that the crystal of 8 was twinned by a 180°
rotation about ¢* while 15 was twinned by a 180° rotation about
a. The raw data were reduced to F? values using the SAINT soft-
warel!®l and global refinements of unit cell parameters using 3206
9976 reflections chosen from the full data sets were performed.
Multiple measurements of equivalent reflections provided the basis
for empirical absorption corrections as well as corrections for any
crystal deterioration during the data collection (SADABS!! for all
but 8 and 15 where TWINABSP??! was used). All the structures
were solved by direct methods, except for 8, 9, and 18 where Pat-
terson methods were employed, and refined by full-matrix least-
squares procedures using the SHELXTL program package.”'! Hy-
drogen atoms were placed in calculated positions and included as
riding contributions with isotropic displacement parameters tied to
those of the attached non-hydrogen atoms. Pertinent crystallo-
graphic data and other experimental details are summarized in
Tables 1 and 2.

CCDC No. 761309-761316 (for compounds 2, 4, 7-9, 14, 15, and
18) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccd.cam.as.uk/data_request/
cif.
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