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COVER PICTURE

The cover picture shows a mixed-valence {Mn;q}
cage, which can be regarded as an analogue of
24-metallacrown-10. The cage is a host for three
potassium ions and crystallises as a cation;
benzoate anions link the cages into a 1D polymer
within the crystal. Details are discussed in the
article by C. Dendrinou-Samara, R. E. P. Win-
penny et al. on p. 3097ff. The authors thank
Mrs. A. Samara for the artwork of the cover
picture.
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Transition-Metal-Rich Borides — Fascinating Crystal Structures and Magnetic
Properties

Boniface P. T. Fokwa*!2l

Keywords: Transition metals / Boron / Structure elucidation / Density functional calculations / Magnetic properties

The ability to design and predict new phases in solid-state
chemistry remains a challenge. However, experiment and
theory have been working together in the last decade to find
new phases with targeted magnetic properties in the family
of transition-metal-rich borides. These studies were very suc-
cessful for boride phases crystallizing with the TizCosB,
structure type. Furthermore, strong variations of the mag-
netic properties in some series of compounds as a function of
the number of valence electrons were observed experimen-
tally and explained by using density functional theory calcu-

lations. The Zn;;RhgBg and Th;Fej; structure types have also
produced many magnetically ordered phases, whereas the
new Ti; 60s;4RuB, and Ti;,Rh, . Irs B, structure types
have the potential to produce new materials with interesting
magnetic properties. The large family of perovskite boride
phases has welcomed new members whose structures enable
the ordering of boron atoms and vacancies. Renewed interest
has been observed for boride phases crystallizing with the
Cr,3Ce-type structure, whose magnetic properties were
mainly studied before the nineties.

1 Introduction

Most research efforts in current solid-state chemistry are
concerned with the design and prediction of new structures
and materials. In general it is difficult to design a phase a
priori.l'l However, progress has been considerable, and we
have many cases in which “materials design” is actually pos-
sible, for example, simple isoelectronic elemental substitu-
tions, the intercalation of species into solids, the synthesis
of coordination solids based on solid-state structures. Nev-
ertheless, in most cases the ability to broadly design and
predict new phases remains a challenge.”!

When it comes to the use of solid-state materials, the
solid-state age does not show any sign of stopping at the
present time. In the second half of the 20th century, micro-
electronic chips with million transistors, solar photovoltaics
and all solid-state lighting, cell phones, displays, data stor-
age and retrieval benefit from the exciting properties of

[a] Institute of Inorganic Chemistry, RWTH Aachen University,
52056 Aachen, Germany
Fax: +49-241-8092642
E-mail: Boniface.fokwa@ac.rwth-aachen.de
Homepage: www.ssc.rwth-aachen.de/fokwa

solid-state materials. Magnetic compounds of course play a
central role in our increasingly demanding information so-
ciety. Therefore, it would be of great help to be able to
rationally synthesize new magnetic compounds with pre-
dicted magnetic properties. However, this is far from being
achievable, because of the complex nature of magnetism
itself. In fact, even today, it remains difficult to understand
why some materials are magnetically ordered whereas
others are not. Nevertheless, some theoretical signposts,
based on calculation techniques borrowed from solid-state
quantum physics and chemical bonding concepts rooted in
molecular quantum chemistry, have been introduced some
years ago for the rational design of antiferromagnets and
ferromagnets in some complex transition-metal borides.!
Borides are already playing a role in our modern world with
applications such as hard materials (e.g. TiB,),* supercon-
ducting materials (MgB,),’! and permanent magnets
(Nd2F614B).[6]

This work is devoted to a branch of solid-state chemistry
that enables the use of both experiment and theory to study
new structural and magnetic characteristics of transition-
metal-rich borides. In general, itinerant magnetism (if com-
pared with molecular magnetism) has not been extensively

Boniface P. T. Fokwa received his B.S. from the University of Yaounde I in 1998 and his D.E.A. the following year also
from the same University. He then moved to Germany in 1999 to the University of Technology in Dresden, where he
received his Ph.D. in 2003 under the supervision of Professors Peter Bottcher and Michael Ruck. Thereafter, he joined
the group of Professor Richard Dronskowski at RWTH Aachen University, where he recently completed his habilitation.
The research efforts of his group focus on experimental and theoretical solid-state chemistry, with a specific emphasis on
structure—property relationships in metal-rich borides. He has received a fellowship (2004-2006) from the “Deutsche
Forschungsgemeinschaft” ( German Science Foundation).
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studied, and the family of transition-metal-rich borides is
no exception. However, systematic studies with the aim of
achieving some targeted magnetic properties in a given
structural family may help to enhance already known prop-
erties or find unforeseen ones. Very often, drastic changes
of the magnetic properties (in isotypic phases) are achieved
by modifying the magnetically active element. A different
strategy is followed in this work; the magnetic properties of
transition-metal-rich borides are experimentally and theore-
tically studied as a function of the number of valence elec-
trons (VE) alone (the magnetically active element remaining
unchanged), for a given series of isotypic compounds. In
addition, theory [density functional theory (DFT)] and ex-
periment have been used in a synergistic way to explain
some unexpected structural or magnetic phenomena on the
one side, and to discover new phases with potentially inter-
esting magnetic properties on the other.

2 Borides Containing Chains of a Magnetically
Active Element

2.1 Crystal Chemistry of Tiz;CosB,-Type Phases

Ti;CosB, (space group P4/mbm, no. 127)" is one of the
most prolific structure types within the metal-rich boride
family, as more than fifty isotypic phases have already been
discovered: ternaries (AsTsB,), quaternaries (A,MTsB,),
and quinaries (A,MTs_, T, B,).B111 A large variety of ele-
ments have been used in the process: main group elements
(Be, B, Mg-P, Ga-As), 3d (Sc—Zn), 4d (Nb, Ru, Rh), and
5d (Hf, Ta, Ir) transition metals.

The ternary phases, with the general formula AsTsB,, are
ordered substitutional variants of the Ti;CosB, structure
type, where A (Mg, Sc, Ti, Nb, Hf, Ta) represents the
largest element and is pentagonal- and tetragonal-prismati-
cally coordinated by the electron-richer but smaller T (Co,
Ru, Rh, Ir) atoms, whereas the boron atom is trigonal-pris-
matically coordinated by the T atoms. The prisms are face-
connected, building a three-dimensional network (Figure 1,
left).

Figure 1. Perspective views along the [001] direction of the crystal
structures of the ternary phases A;TsB, (left, e.g. Sc;RhsB,) and
of the quaternary phases A,MTSsB, (right, e.g. Sc;FeRhsB,).

The ordered quaternary substitutional variants are ob-
tained after substitution of the tetragonal-prismatically co-
ordinated A atoms by smaller elements M (Be, Al-P,
Ti-Zn, Ga-As). A perspective view of the structure of
these quaternary phases (A,MTsB,) along [001] is shown in
3076
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Figure 1 (right). It has to be mentioned that some arsenic-
and phosphorus-deficient phases were also reported
(Mg,AsyoRhsB, and Mg,P, sRhsB,).['% Other quaternary,
partially ordered phases are obtained when some T atoms
are substituted in the ternaries A;TsB,, which leads to
A;Ts T’ B, phases. This type of substitution was success-
ful for the newly synthesized Ti; ,Rus_,Ir B, complex so-
lid solution. The member with x = 1 has the particularity
that boron is found not only in the usual trigonal prisms
but also for the first time in the tetragonal prisms.1?2!

Quinary (A,MT;s_,T’,B,) phases are achieved by substi-
tuting some T atoms (e.g. Ru) in the quaternary A,MTsB,
by one-electron-richer T’ atoms (e.g. Rh). So far,
Sc;MnRu,Rh;B,1 and the two series of compounds
Sc,FeRus ,Rh,B, (n = 0-5)I'3! and Ti,FeRus ,Rh,B, (n =
1-5)I41 were obtained. In these quinaries, the ruthenium
and rhodium atoms are assumed to be statistically distrib-
uted at their two available sites (8 and 2c¢), because they
cannot be distinguished by X-ray diffraction methods (they
differ from each other just by a single electron). Substitut-
ing rhodium in Ti,FeRus ,Rh,B, by the electron-richer
congener iridium enables the study of the site preference
and the distribution of ruthenium and iridium atoms in
these two sites. In fact, the coordination environment is dif-
ferent for the two sites, the 2¢ site sitting in the smaller
polyhedron. The obtained new series Ti,FeRus_,Ir,B, (n =
1-4) has the same structure type as the others and, as ex-
pected, a site-preferential substitution is observed: Al-
though both elements are mixed in each Wyckoff site, ruthe-
nium prefers the 2¢ Wyckoff site, whereas iridium sits pref-
erentially on 8;.112%]

Of particular interest are quaternary and quinary phases
containing a magnetically active element (Cr—Ni), because
they may induce magnetic ordering in the respective phases.
As stated above, the magnetically active atoms are found in
the tetragonal prisms (8; site), and the fact that the prisms
are face-connected enables significant interaction between
neighboring atoms in the [001] direction, thus leading to
chains with intrachain distances of exactly the lattice pa-
rameter ¢ (ca. 3.0 A), whereas interchain distances are more
than two times longer (ca. 6.6 A), indicating rather weak
interaction between the chains (Figure 2).

Figure 2. Part of the crystal structure of the A,MTsB, phases
showing the intrachain and interchain M-M interactions (M =
magnetically active element).

Such chains of a magnetically active element have been
the subject of intense studies within the nonmetallic (salt-
like) compounds (e.g. in ref.l'*)). However, little was known
on the magnetic properties of their metallic counterparts,

Eur. J. Inorg. Chem. 2010, 3075-3092
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although Weinert et al. showed in 1983 by electronic struc-
ture calculations that one-dimensional metallic iron and
nickel lattices give rise to magnetic moments and exchange
interactions comparable to those found in the bulk.l'® The
discovery of the above-mentioned first quaternary phases
of the Ti;CosB, structure type by Jung et al. in 1990341 then
enabled the study of the magnetism induced by such a low-
dimensional substructure of a magnetically active element.

2.2 Magnetic Properties of Ti;CosB,-Type Phases

Magnetic studies by Jung et al. have revealed evidence
for antiferromagnetic (e.g. Mg,MnRhsB,, Ty = 3K, 6 =
—130 K), metamagnetic (Sc,MnRhsB,, T = 130K, 0 =
270 K), and ferromagnetic (e.g. Sc,FeRhsB, with T¢
450 K) ordering,®-1% where T, T¢, and 0 are the Néel tem-
perature, the Curie temperature, and the Weiss constant,
respectively. Theoretical calculations by Dronskowski et al.
predicted the phases with 62 valence electrons (VE) [e.g.
Mg,MnRhsBy; 62 VE = 2x2 (Mg) + 1X7 (Mn) + 5X9
(Rh) + 2X 3 (B)] to be antiferromagnets and those with
65 VE (e.g. Sc,FeRhsB,) to be ferromagnets.[?! Systematic
studies of the magnetic properties as a function of the
number of VE in these phases were then carried out, be-
cause nothing could safely be predicted below the 62 VE
limit, for the 62-65 VE regime, and above 65 VE.

2.2.1 From Antiferromagnetism to Ferromagnetism in
Sc,FeRus_,Rh,B,

The series of compounds Sc,FeRus ,Rh,B, (0 = n = 5)
was studied both experimentally and theoretically. This
series allows for a synthetic scan of adequate candidates for
the investigation of the range 60 = VE = 65, in particular,
as they differ from each other exclusively in the Ru/Rh ra-
tio, they seem ideal for the chemical tuning of the VE.[!3
Furthermore, electronic structure calculations on this series
help to understand the nature of magnetic coupling in this
series, in particular the influence of 4d-3d Rh/Ru-Fe inter-
actions on the total effective coupling of the Fe atoms as
compared to the 3d—3d Fe—Fe interactions.!'”]

At high temperatures, the magnetic susceptibilities of the
characterized® 'Y intermetallics Sc,FeRusB, (60 VE) and
Sc,FeRusRh,B, (62 VE) obey the Curie-Weiss law y,, =

Eur|IC

European Journal
of Inorganic Chemistry

C/(T — 6). The experimentally obtained Curie constants C
= 24X10°m*Kmol™! and C = 25X 107 m*Kmol!
correspond to paramagnetic moments u = 3.9 ug and 4.0 pug
and Weiss constants of 0 = -995 K and -90 K, respectively,
indicating much stronger antiferromagnetic Fe-Fe interac-
tions for the former. The overall high-temperature behavior
for Sc,FeRuyRhB, (61 VE) also points to considerable anti-
ferromagnetic Fe-Fe interactions, although no Curie—Weiss
behavior was observed. This finding becomes obvious by
comparing the u.g data [for the definition see footnote (b)
of Table 1], namely . = 2.1, 3.2, and 3.6 at 400 K for the
systems with 60, 61, and 62 VE, respectively (Table 1). In
this series, the 61 VE compound takes up the intermediate
position. The u. vs. T curves for the 60, 61, and 62 VE
phases (Figure 3) clearly reveal a decrease in the antiferro-
magnetic exchange interactions as the VE count increases;
the incremental step is more pronounced from 60 to 61 VE
than from 61 to 62 VE. In other words, the antiferromag-
netic Fe-Fe interactions weaken when the VE count in-
creases from 60 to 62.[13

4.0-

. W
36-

| /61 VE
3.24

2.8

60 VE
241 /

2.0 T T T T T T T 1
350 400 450 500 550 600 650 700 750
T/K

5
S8

Figure 3. Effective magnetic moment vs. temperature for
Sc,FeRusB, (60 VE), Sc,FeRuyRhB, (61 VE), and Sc,FeRusRh,B,
(62 VE).

Further increasing VE from 62 to 63 changes the Weiss
constant dramatically from —90 K to +375 K, thereby in-
ducing a change in the nature of the magnetic ordering and
leading to a ferromagnet with a Curie temperature
Tc =300 K. Further increments of VE by one and two elec-
trons strengthen the ferromagnetic behavior even more. For
64 and 65 VE, T¢ increases to 350 K (Figure 4) and 450 K,
and u, increases to 3.1 pg and 3.3 pp respectively (Table 2).
Hence the Fe—Fe ferromagnetic interactions increase signifi-
cantly between 63 and 65 VE with an increase in the
number of valence electrons.

Table 1. Magnetic quantities for the compound series Sc,FeRus ,Rh, B, (0 = n = 5).

n VE AFE, F Ty Te IK 201 g o™ (400 K) 4 g 0 /K Range /K Ref.
0 60 AF ca. 13 (T\) - 2.1 3.9 -995 500-770 8]
1 61 AF ca. 10 (Tn) 0.08 3.2 no Curie-Weiss behavior 1
2 62 AF - - 3.6 4.0 -90 100-400 B3
3 63 F ca. 300 (T¢) 3 - 4.2 375 500-800 [13]
4 64 F ca. 350 (T¢) 3.1 no Curie-Weiss behavior [13]
5 65 F ca. 450 (T¢) 3.3 no Curie-Weiss behavior [10]

N, 2
[a] zt,: atomic magnetic dipole moment at 4 K and By = 5 T. [b] ug: effective Bohr magneton number; y,,, = ,uoﬂ/zgﬂ; Lesr = 797.740m D>

3kT

(SI units). [c] x: permanent paramagnetic moment calculated from the Curie constant C.

Eur. J. Inorg. Chem. 2010, 3075-3092
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Figure 4. Magnetization vs. temperature for Sc,FeRuRhyB,
(64 VE) at various applied fields: By = 2T (OO0), 1 T (AAAD),
0.5T (OOO), and 0.2 T (XX X). Inset: Hysteresis loop at 4.5 K.

Table 2. Magnetic quantities for the compound series Ti;FeRus -
Rh,B, (1 =n=)35).

n VE O/ 4o/ CWrange/ T/ 11 HAIY
K U K K U kAm!

5 67 +200 5.1 =250 ca. 208 2.3 0.9

4 66 no CW behavior until 400 K =350 3.1 2.4

3 65 no CW behavior until 400 K =350 22 1.6

2 64 +230 5.0 = 300 ca. 285 1.7 10.3

1 63 +175 3.7 = 250 ca. 220 0.6 23.9

[a] 8: Weiss constant determined from Curie-Weiss (CW) straight
lines in y,! vs. T plots. [b] u: permanent paramagnetic moment
calculated from the Curie constant C by using u = 797.74C"?. [c]
U, atomic magnetic dipole moment at SK and By = 4.5T, u, =
M /N, measured in Bohr magnetons (ug) (M,,,: magnetization per
mol, Na: Avogadro’s number). [d] H,: coercivity obtained from the
hysteresis loops recorded at 4.5 = B, = 4.5T and 5 K.

To conclude, with an increasing VE count from 60 to 65,
the series Sc,FeRus ,Rh,B, (0 = n = 5) exhibits a clear
trend from antiferromagnetism to ferromagnetism. This re-
sult was also correctly reproduced by first-principles density
functional calculations of the ground-state magnetic order-
ing and exchange-interaction parameters.

A DFT-based crystal orbital Hamilton population
(COHP) analysis made it possible to understand, from a
chemical perspective, the nature of the magnetic behavior
in the quaternary intermetallic borides A,MTsB,:[*l Ferro-
magnets have 65 valence electrons per formula unit (e.g.
Sc,FeRhsB,), the Fermi level falling within M-M anti-
bonding states, whereas antiferromagnets, for example,
Mg,MnRh;sB,, have 62 valence electrons, where the Fermi
level falls within M-M nonbonding states (Figure 5a).
These findings eventually allowed further experimental se-
arch for new ferromagnets and antiferromagnets and suc-
cessfully led to the discovery of both Sc,MnRu,Rh;B, and
Sc,FeRu;Rh,B, .38 These two isotypic compounds both
contain 62 valence electrons and, as predicted, both are itin-
erant antiferromagnets. Figure 5b illustrates the course of
the effective exchange coupling parameter, J,, for the T site
as a function of the number of valence electrons per for-
mula unit for the Sc,FeRus ,Rh,B, series, a parameter
which was calculated within a rigid-band model specifi-
cally.'”l This dependence provides a relevant description of
the stability of ferromagnetic and antiferromagnetic order
in these phases. Clearly, the different valence electron
3078
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counts make Sc,FeRhsB, a ferromagnet and Sc,FeRusB,
an antiferromagnet. The crossover between antiferromag-
netic and ferromagnetic ordering is achieved at a valence
electron count between 62 and 63 electrons; below this
number, antiferromagnetic ordering is preferred, which is in
perfect agreement with the COHP picture (Figure 5a) and
the experiment described above.
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Figure 5. (a) Variation of Fe-Fe-COHP values with the number of
valence electrons (VE) per formula unit for the Sc,FeRus_ ,Rh,B,
series based on a calculation of nonmagnetic Sc,FeRhsB,. (b) Ef-
fective exchange coupling parameter, J,, as a function of VE for
the Fe site based on ferromagnetic Sc,FeRhsB,. Vertical lines indi-
cate Ep (Fermi level) values for Sc,FeRhsB, (65 electrons) and
Sc,FeRusB, (60 electrons), respectively.

2.2.2 One-Electron-Step Evolution firom Soft to Semi-Hard
Magnets in Ti,FeRus_,Rh,B,

DFT calculations on the Sc,FeRus_,Rh,B, series reveal
that the contributions of scandium and boron to the mag-
netic properties are negligible. Nonetheless, it would be
interesting to see which influence an additional electron on
the scandium site (replacing scandium with titanium) may
have on the magnetic properties. The resulting compound
series Ti,FeRus ,Rh,B, was successfully synthesized for n
= 1-5 (VE = 63, 64-67),['Y and the obtained lattice param-
eters (a and c¢) vary in opposite directions, leading to little
volume change. This series enables the investigation of
phases with more than 65 VE: The phases Ti,FeRuRh,;B,
(66 VE) and Ti,FeRhsB, (67 VE) are both ferromag-
netically ordered with Curie temperatures higher than
200 K and have u, values (at an applied field of 4.5 T at
5K) of 3.1 pug and 2.3 g, respectively. Overall in the series,
U, increases from 0.6 ug (63 VE) to a maximum of 3.1 pp
(66 VE) and then decreases to 2.3 ug (67 VE) (Table 2).

Magnetic materials are classified, on the basis of their
coercive field strength, into hard (very large hysteresis loop
with coercive field H, > 30 kA/m) and soft (very narrow
hysteresis loop, H. < 1 kA/m). A group of semi-hard mag-
netic materials with coercive fields lying in the intervening
range has also gained some importance.['®2% The best hard
magnetic materials (at room temperature) known to date
are the metal-rich borides with the general formula
(RE),Fe;4B (RE = rare earth element) having extremely
high coercive fields (H, > 600 kA/m).[>!1 The presence of a
rare earth element is fundamental for the achievement of
this hard magnetic property. In fact, materials containing
only magnetically active transition metals (i.e. without any
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rare earth metal) as magnetic centers often show soft mag-
netic properties, reminiscent of the very soft magnetic tran-
sition elements (Fe, Co, Ni) and some of their alloys.**
Transition-metal borides containing these magnetically
active transition metals make no exception (e.g. the techno-
logically important iron borides are soft ferromagnets).[?!
To the best of my knowledge, all ferromagnetic transition-
metal borides characterized so far are soft. The trend was
also verified in all ferromagnetic complex borides
A,M'TsB; (TizCosB, structure type).[®!

The ferromagnets of the Sc,FeRus_,Rh,B, compound
series (n = 3-5, VE = 63-65) are, according to their very
small coercive field (H, < 1 kA/m, see for example inset
of Figure 4), classified as soft ferromagnetic materials. A
substitution of scandium by titanium in this series leads to
the phases Ti,FeRus ,Rh,B, (n = 3-5, VE = 65-67).
Among these new ferromagnets, only the phase with the
highest VE (67) has an H, value (0.9 kAm') lower than
1 kAm™!, the two others (VE = 65 and 66) exhibit H, values
(2.4 and 1.6 kAm™!) significantly higher than 1 kAm™'. This
enlargement of the hysteresis loop (Figure 6) is solely attrib-
uted to the additional electrons added after substituting
scandium by titanium (note that both are not magnetically
active). Decreasing VE further to 64 and 63 dramatically
increases H,, which reaches 10.3kAm™' at 64 VE, then
23.9kAm™! at 63 VE (Figure 6 and Table 2). Therefore, a
clear trend is observed in the Ti,FeRus_,Rh,B, series: An
evolution from soft to semi-hard ferromagnetic materials is
obtained when VE decreases from 67 to 63.1!4

65 VE

Figure 6. Central parts of the hysteresis loops x, vs. By [recorded at
5K and 4.5 = By = 4.5 T] in the Ti,FeRus_,Rh,B, series showing
their enlargement with decreasing number of valence electron (VE)
from 65 to 63. Bottom right: enlarged left parts of these hysteresis
loops showing the increase in coercivity H,. with decreasing VE.

This finding opens a new direction in the research of
novel magnetic materials not only in the field of transition-
metal-rich borides, but in the entire family of magnetic in-
termetallics: In this family, the need to enhance the coerciv-
ity of a given magnetic material may be achieved by the
substitution of a magnetically “silent” element by titanium.
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2.2.3 Slater—Pauling Behavior and Prediction of Other
Magnetic MyM' Rus_,Rh,B, Series

From the results given above, the magnetic properties of
both the Sc,FeRus ,Rh, B, and the Ti,FeRus_,Rh, B, series
can be divided in two ranges depending on the number of
VE: In the range between 60 and 62 VE, antiferromagnets
are found, whereas ferromagnets are observed between 63
and 67 VE (Tables 1 and 2). In the antiferromagnetic range,
continuous decreasing antiferromagnetic interactions are
observed, whereas in the ferromagnetic range the ferromag-
netic interactions increase up to 66 VE and then decrease.

On a theoretical point of view, first-principles density
functional calculations were used to characterize four series
of phases with the general composition M,M'Rus ,Rh,,B,.
The result shows that the variation in saturation magnetic
moment with valence-electron count follows a Slater—Pau-
ling curve, a maximum moment occurring typically at 66
valence electrons (Table 3), as observed experimentally in
the Ti,FeRus_,Rh,B, series (Table 2). Two of the series,
Sc,CoRus ,Rh,B, and Nb,FeRus ,Rh,B,, are promising
candidates yet to be synthesized, and the highest moments
were predicted in the Nb series.[*4]

Table 3. Theoretically predicted®! (VASP-GGA) and experimen-
tally determined saturation magnetic moments in Bohr magnetons
(up), for different compositions of the M,M'Rus_,Rh,B, series at
different number of valence electron (VE). The highest moment is
obtained at 66 VE regardless of the series (highlighted column).

VE 63 64 65 66 67 68 69
Sc,FeRus ,Rh,B, 35/30  4.1/31  43/33

Sc,CoRusRh,B 2.5 27 28 3.0

TiFeRus_,Rh,B; 3.1/06" 38/ 1.7%  43/22"  44/31" 4.0/2.3™
TiCoRus,Rh,B" 1.9 23 238 3.1 3.1 26
Nb;FeRus_,Rh,B,"! 34 4.1 45 43 43 40

[a] Predicted series yet to be synthesized. [b] Hysteresis is not satu-
rated at By =4.5T and T = 5K.

3 Borides Containing Ladders of a Magnetically
Active Element

3.1 Crystal Chemistry of Zn,;;Rh;gBg-Type Phases

As demonstrated in the previous section, the Ti;CosB,
structure type, which accommodates chains of magnetically
active elements, has spawned new compounds with a wide
range of magnetic ordering: antiferromagnetism, metamag-
netism, and ferromagnetism. Similar chains, composed of a
magnetically active element, have also been observed in
other transition-metal borides, Zn;(MRh;gBg (M = Mn, Fe,
Co, Ni), with a Zn;;Rh;gBg-type structure (space group P4/
mbm, no. 127), which is related to the aforementioned struc-
ture type (Figure 7a). The main difference between the two
structure types is the additional presence of elongated hex-
agonal prisms in the Zn;;Rh;gBg-type structure, the conse-
quence being a near doubling of the lattice parameter a
while ¢ remains unchanged. In these phases, the elongated
hexagonal prisms are centered by dumbbells of zinc atoms.
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To date, the magnetic properties of Zn;sMRh;3Bg phases
have not been published.>>) Recently, a new quaternary
substitutional variant of the Zn;;Rh;gBg structure type was
discovered: TigFe,Ru;sBs (Figure 7b).%! The particularity
of this new complex boride is the presence of well-separated
chains of iron dumbbells (Figure 7b, right). Such a ladder
substructure had not been previously reported for a 3d
magnetically active element (Cr, Mn, Fe, Co, Ni) in inter-
metallic compounds but does occur in the ionic compound
AFe,S; (A = K, Rb, Cs).?7] It is, therefore, a substructure
with numerous challenges and possibilities for magnetic
structure, where it is expected that short-range magnetic or-
dering (in the dumbbell) competes with long-range ones
(between the dumbbells).

Figure 7. (a) Perspective view along [001] of the crystal structure
of Zn;oFeRhgBg (top left) and tetragonal prism of Rh atoms ac-
commodating the Fe atom (top right). (b) Perspective view along
[001] of the crystal structure of TigFe,Ru;3Bg (bottom left) and
elongated hexagonal prism of Ru atoms encapsulating the Fe,
dumbbell (bottom right); the dotted lines indicate the unit cell of
the Ti;CosB,-type structure. Significant Fe-Fe distances (in A) are
noted.

In the Zn;;Rh3Bg-type structure, iron atoms exhibit dif-
ferent local structures after replacing either zinc in
Zn;1Rh3Bg or titanium in a hypothetical “Ti;;Ru;gBg”. In
this structure type, both zinc and titanium atoms occupy
tetragonal, pentagonal, and elongated hexagonal prisms of
rhodium or ruthenium atoms, respectively, the elongated
hexagonal prisms accommodating two atoms (as “dumb-
bells”). In terms of volume, one-half of the elongated hex-
agonal prism, that is, the volume accommodating only one
atom of the dumbbell, is smaller than a single pentagonal
prism but larger than a tetragonal prism. Consequently, if
atomic size factors are influential for the stability of these
compounds, substituting zinc and titanium by iron in
ZnRh3Bg and “Ti;;Ru;sBg”, respectively, should give the
same result, since both zinc (atomic radius, r, = 1.31 A) and
titanium (r, = 1.38 A) have clearly larger atomic radii than
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iron (r, = 1.25 A). However, different substitution patterns
emerge: Zn;oFeRhgBg finds iron replacing zinc atoms in
the smallest tetragonal prism, as expected from size consid-
erations; whereas in TigFe,Ru;gBg, iron has replaced tita-
nium preferentially and unexpectedly in the elongated hex-
agonal prisms. Therefore, electronic factors should play a
key role in understanding the substitutional preference of
titanium by iron in hypothetical “Ti;;Ru;sBg” leading to
TigFe,Ru;gBg. The synthesis of “Ti;;Ru;gBg”, if achievable,
may offer a better understanding of the above-mentioned
substitution preference. However, the tentative synthesis of
“Ti;;Ru;3Bg” leads to the phase Ti;gRu,¢Bg instead, which
is better described as a component of the Ti;; Rug.,Bg
solid solution, because a phase width was observed during
the investigations.*®!

By comparing Zn;Rh;gBg with Ti;oRu;9Bg it becomes
clear why different substitution patterns occur en route to
the quaternaries Zn;oFeRh,3Bg and TigFe,Ru,3Bg. In the
two ternary phases, zinc and titanium are present at the
same sites with the exception of the 4/ site, where Zn, and
(Ti/Ru), dumbbells are found. In fact, all tetragonal and
pentagonal prisms present in Zn;;Rh;gBg and Ti;oRu;9Bg
(built up by rhodium and ruthenium, respectively) are cen-
tered by zinc or titanium, respectively, although both
prisms are the smallest and the largest available for the two
elements. The middle-sized prism (half the elongated hexag-
onal prism) is also centered as expected by zinc in
Zn;Rh3Bg but not by titanium alone (mixed with ruthe-
nium) in Ti;gRu;9Bg. The fact that titanium can only fill
the 44 site together with the electron-richer but smaller ru-
thenium is the proof that this site needs more valence elec-
trons than the four available for titanium. Therefore, the
synthesis of the stoichiometric quaternary derivatives
“TigM,RugBg” (M = Cr-Zn) should be possible, because
at this 44 site more valence electrons will be available from
the M elements relative to titanium. Indeed these phases
are all achievable,® and they are isotypic with Tig-
Fe,Ru gBg. On the contrary, the synthesis of stoichiometric
“TigSc,Ru;gBg™ should not be possible. The VE-driven site
preference observed in the Ti-based phases, particularly for
the 44 site, is the main difference relative to the Zn-based
phases of the Zn;;Rh;gBg structure type. It is also the main
reason why stoichiometric “Ti;;Ru;gBg” is not accessible
experimentally. Attempts to synthesize the Zn;oFeRh,3Bg-
related “Ti,oFeRu,3Bg” also failed, as expected.[!?3]

The bonding situation was studied in detail for Tig-
Fe,Ru;gBg phase by COHP bonding analysis, which shows
that Ru-B and Ti—Ru contacts are responsible for the struc-
tural robustness while Fe-Fe interactions influence the
magnetic behavior.

Because the distances observed in all isotypic TigM,-
Ru,3Bg phases are in the expected ranges (comparable to
those observed in TigFe,Ru gBg), it is expected that the
same leading interactions prevail in these phases. Like in
TigFe,Ru;gBg, the COHP curves of all phases indicate that
Ru-B and Ru-Ti orbital interactions are optimized: bond-
ing orbitals are filled; antibonding orbitals are empty. Ru-
M, M-M and Ru-Ru contacts show antibonding character
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around the Fermi level. This COHP analysis suggests that
it is the heteroatomic Ru-B and Ru-Ti bonds that create
the structural stability of these phases.

In the TiyM,Ru,3Bg (M = Mn-Cu) series, the Ru-B, Ru-
Ti, and Ru—Ru contacts are VE-independent, because their
respective integral crystal orbital Hamilton population
(ICOHP) values remain nearly constant, whereas the M-
containing distances, Ru-M and M-M, are strongly VE-
dependent: The ICOHP values of the M-M interatomic dis-
tances increase rapidly from -2.22 eV (Cr—Cr) to —0.87 eV
(Cu—Cu) with increasing VE number from 216 to 226, and
those of Ru-M interactions vary in the same manner but
from —1.48 eV (Cr—Ru) to —1.01 eV (Cu-Ru) (Figure 8).
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Figure 8. Plots of the ICOHP values of M—-M and M—Ru bonds as
a function of the number of valence electrons (VE) in the TigM,-
Ru3Bg (M = Cr, Mn, Fe, Co, Ni and Cu) series.

A closer examination of the crystal structure of
TigFe,RugBg reveals the presence of chains of titanium
atoms (ca. 3 A from the iron ladders), which, if substituted
by chains of a magnetically active element, will induce mag-
netic interactions between both substructures. Theoretical
density of states (DOS) of TigFe,Ru 3By strengthens this
idea, because a pseudogap was found at approximately
0.5eV above the Fermi level,?® which indicates that the
structure of TigFe,Ru;3Bg may even be more stabilized by
some additional valence electrons. Therefore, a substitution
of titanium by any of the magnetically active elements (Cr,
Mn, Fe, Co, Ni) may be possible, because this process en-
hances the number of valence electrons. Indeed, single
phases TigM3;Ru3sBg (M = Fe, Co) have been successfully

Figure 9. Perspective view along [001] of the crystal structure of
TigFesRu,gBg (left) and part of it showing interactions between the
Fe ladder and the Ti/Fe chain (right): all distances are given in A.
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synthesized, and the remaining phases (M = Cr, Mn, Ni)
were obtained with at least 80% yield. Single-crystal struc-
ture analysis of TigFe;Ru gBg reveals that all available te-
tragonal prisms are centered by a mixture of titanium and
iron atoms (Figure 9). This model was then successfully ap-
plied in the Rietveld refinements of all phases.!'?2

3.2 Magnetic Properties of TigM,Ru;gBg (M = Cr-Ni)

As stated above, COHP bonding analysis indicates that
the Fe-Fe interactions influence the magnetic behavior. In
fact, ferromagnetic order is predicted by the COHP analysis
of the Fe-Fe interactions within the structure of
TigFe,Ru,gBg: Antibonding Fe-Fe interactions, which are
observed at the Fermi level, point towards a potential insta-
bility of the system with respect to spin polarization. Given
a sufficient exchange splitting, a redistribution of the elec-
tron spins to establish a net magnetization of the system
may annihilate antibonding interactions and lower the total
energy (Figure 10).2¢1 This effect takes place here, as the
observed antibonding interactions at the Fermi level in the
Fe-Fe COHP curve for the “nonmagnetic” case disappear
upon splitting into majority and minority spin bands after
spin polarization.
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Figure 10. Partial DOS of Fe atoms (a) and COHP curves for Fe—
Fe bonds in TigFe,Ru,gBs, (b) for the non-spin-polarized case and
(c) for the spin-polarized case (showing majority and minority spin
bands). The Fermi level is the energy reference. NM: nonmagnetic,
FM: ferromagnetic.

According to the variation of the atomic magnetic dipole
moment (u,) vs. applied field, a relatively small field of
0.05T at 5K is required to induce a u, value of 0.3 pg.
Upon increasing the field, u, rapidly increases, doubling in
value for an applied field of 1.2 T, but remaining unsatu-
rated, reaching a value of 1.2 pg, up to a field of 7 T, the
highest field measured (Figure 11). As there is only one iron
site in the structure, TigFe,Ru,gBg is a ferromagnet exhibit-
ing spontaneous magnetization below a Curie temperature
(T¢) of approximately 200 K.[>6]
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Figure 11. Atomic magnetic dipole moment (u,) vs. applied field at
5K and 300 K for TigFe,Ru;gBg.

Ferromagnetic coupling between Fe atoms in the Fe,
dumbbell with such a short Fe-Fe distance (2.49 A) may
seem surprising. However, the site symmetry of this dimer
is D, (mmm) in the crystal. A molecular orbital analysis of
an Fe, dimer in this site symmetry suggests that the ferro-
magnetic coupling within the dumbbell could be the result
of Hund’s rule for a half-filled, nearly degenerate pair of
Fe-Fe n* molecular orbitals. Figure 12 illustrates the results
of molecular orbital calculations on a neutral Fe, dimer (in
the intermetallic compound, there is very little net charge
transfer, just a redistribution of orbital occupations). In the
gas-phase Fe, molecule (point group D..;,), the HOMOs are
the half-filled, doubly degenerate ©* orbitals. In the crystal
under D,,, site symmetry, all degeneracies are strictly broken
and hybridization can occur within the Fe-Fe ¢ and §
bonding/antibonding orbitals, but not with the © bonding/
antibonding orbitals. Therefore, the n* orbitals remain ne-
arly degenerate and half-filled. According to Hund’s rule,
the most stable electronic configuration will be a spin trip-
let. Therefore, another interpretation of the observed ferro-
magnetism in TigFe,Ru gBg is ferromagnetically coupled
Fe, spin triplet dimers. Consequently, ferromagnetic cou-
pling along the ¢ axis arises from spin polarization of the
conduction bands, because these Fe—Fe orbital interactions
are strongly antibonding at the Fermi level in the nonmag-
netic case. Ferromagnetic coupling within the Fe, dimer
arises by having a half-filled, nearly degenerate pair of or-
bitals.

The occurrence of ferromagnetism in a boride containing
mainly ruthenium atoms (TigFe,Ru;gBg) is new in the fam-
ily of transition-metal borides. In fact, most borides synthe-
sized and characterized to date, and containing mostly ru-
thenium, are antiferromagnets (e.g. Sc,FeRusB, and
Sc,MnRusB,), in contrast to those containing mainly rho-
dium that tend to build more ferromagnets than antiferro-
magnets (section 2.2). Therefore, the unexpected presence
of ferromagnetism in TigFe,Ru,3Bg may be solely attributed
to the novel iron ladder found in this compound.

Preliminary magnetic investigations on the isotypic
TigM>RugBg (M = Cr, Mn, Co, Ni) phases indicate a very
different behavior relative to the ferromagnet TigFe,Ru,gBs.
Their overall magnetic behavior (at 7> 5 K) points toward
a mixture of Pauli and temperature-independent paramag-
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Figure 12. Molecular orbital diagrams for (left) Fe, in the gas
phase (D..,), (middle) Fe, in D,;, symmetry of the TigFe,Ru,gBg
crystal, and (right) Fe, in D,;, symmetry with applied spin polariza-
tion. Occupied levels are indicated.

netism.['? However, DFT calculations on the TigCo,-
Ru,3Bs and TigNi,Ru;gBg phases indicate a stable ferro-
magnetic ground state for the Co phase but confirm the
paramagnetic state for the Ni case.['”?! Magnetic measure-
ments at low applied fields and lower temperatures are still
needed to fully characterize these phases.

4 Borides with ThyFe;-Type Structure

The Th,Fe; structure type (space group P6smc, no.
186)P% has attracted some research interest mainly in the
physics community. The reason lies in the wide range of
exciting properties that originate from this noncentrosym-
metric structure: for example, hydrogenation of supercon-
ducting Th,Fe; leading to ferromagnetic Th;FesH3,! gi-
ant magnetoresistance (GMR) in Th;Rh3,3% or ferromag-
netic transition at about 334 K in Gd;Pd;,**! just to name
a few. Although many transition-metal borides have been
reported, which also crystallize with this structure type,
they did not attract much attention like their isotypic inter-
metallic counterparts. For example only Ru;B; has recently
(2009) been studied by two research groups, who simulta-
neously confirmed its superconducting properties already
discovered 46 years ago.’*! However, is magnetic ordering
also achievable in this class of boride?

4.1 Crystal Chemistry of Th;Fe;-Type Boride Phases

A couple of binary transition-metal borides were synthe-
sized and described in the Th,Fe; structure type more than
four decades ago: Ru;B;,3%! Rh;B3, Re;B5,[3% and Tc,B5.37)
Although the synthesis of the ternary compound ResW,Bs
has also been reported, its structure has not been deter-
mined in detail yet. In the early seventies, some ternary bor-
ides of rhenium were also reported in this structure type:
Coy.77Re23B3, P Hfj 77Re6 23B3,21 Nij sReg sB3,1* and
Ta, »Res ¢B5.[*!1 They were structurally characterized by X-
ray powder diffraction, assuming that the two metals are
statistically distributed all over the three available sites.
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FeRhgB; was the first well-characterized ternary compound
in this family of borides.*?! Its structure is characterized by
two important features: there are boron-centered trigonal
prisms built up by rhodium and M (M = 2/3 Rh + 1/3 Fe)
and empty octahedral Rhg clusters (Figure 13). Three trigo-
nal prisms share one edge and are thus interconnected to
each other through their vertices. This unit is then con-
nected to other units composed of three trigonal prisms
through their edges to form a three-dimensional network.
The octahedral Rhg clusters are linked to each other
through their faces to form a one-dimensional channel
along the [001] direction, perpendicular to the layer of tri-
gonal prisms. In fact, there are three different rhodium po-
sitions in this structure [Rh1, M (Rh2 and Fe), and Rh3].
Rhl builds the octahedral Rhg clusters, M is part of the
three-dimensional network of interconnected triangles,
whereas Rh3 is only connected to the other atoms. The
reason why the substitution of rhodium in the binary Rh;B3
by iron takes place preferentially at just one rhodium site
(Rh2) is to be found in the polyhedral nature around the
rhodium atoms. In fact, the Th;Fe; structure type hosts
three different polyhedra around the thorium (rhodium, in
our case) atoms, but only one is decisively smaller than the
others. In the case of FeRh¢B;, the iron atom prefers the
smallest coordination sphere, because iron is 0.1 A smaller
than rhodium. In other words, iron would prefer to build
bonds that are nearer to those usually observed in its ele-
mental structures (e.g. 2.55 A in y-Fe); therefore, the dis-
tances which will preferably accommodate iron are the M—
M distances (average 2.67 A) that are decisively shorter
than the other Rh-Rh distances (average 2.77 A).[*2]

Figure 13. Projection of the structure of FeRhgB; along [001].
B(Rh4M>) trigonal prisms (M = 2/3 Rh + 1/3 Fe) and octahedral
Rhg clusters are highlighted.

The situation becomes very different if we remove some
electrons from the system, by replacing rhodium with ruthe-
nium, thereby lowering the number of valence electrons
from 71 VE in FeRhgB5 to 65 VE in “FeRugB;”. As a re-
sult, broader peaks are observed in the powder diffractog-
ram of “FeRugB;”, which suggests a phase width. This was
confirmed by single-crystal analyses on two single crystals,
which yielded the compositions Fe,Ru; Bs (x = 0.5, 0.8).
These analyses also demonstrate that the substitution of
iron by ruthenium preferentially takes place at two (not
only one, like in the rhodium case) of the available three
sites, as only the ruthenium atom (Rul) that builds the octa-
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hedral Rug clusters is not substituted by iron (Figure 14).
Although the iron content in the Ru2 site (17% for x = 0.5
and 23% for x = 0.8) is higher than that in the Ru3 site
(4% for x = 0.5 and 10% for x = 0.8), an increase in the
amount of iron at the Ru3 site also correlates with a similar
increase at the Ru2 site. In other words, the preference of
iron for both the Ru2 and the Ru3 sites is quite similar,
with only a minute advantage for the Ru2 site, which is
very different from the situation of the rhodium-containing
phase, where the site preference is much more pronounced.
Despite the fact that there is a Ru/Rh substitution by iron,
the quantitative differences from the rhodium-containing
phases are so distinct that the geometrical explanation given
for the preferred substitution in the case of FeRh¢B; is not
strictly transferable to Fe,Ru; B; (0 < x < 1), and elec-
tronic reasons must play an important role.[*!

Figure 14. Projection of the crystal structure of the compounds
Fe.Rh; B; (I < x = 1.3) and Fe,Ru; B3 (0.5 < x < 1) along
[001].  B[Rh3;MI1(M2),] trigonal prisms and octahedral
(Rh1 or Rul)g clusters are highlighted. M1 = Ru2 (or Rh2) + Fe
and M2 = Ru3 (or Rh3) + Fe.

Upon substituting more than one ruthenium atom by
iron from the Ru;B; composition, the powder X-ray inten-
sities become even broader such that it seems unlikely to
synthesize single-phase products in this system, probably
because of the competition observed for the two sites (26
and 6¢) when iron substitutes ruthenium. Therefore, the
homogeneity range for Fe, Ru;_B; cannot be studied in de-
tail, because not only the iron-rich phases but also the iron-
poor phases are present at any synthetic target with x = 1.
The situation is different for Rh,B; when more than one
iron substitutes rhodium. These investigations reveal that a
maximum of 41% rhodium can be substituted by iron at
the Rh2 site, whereas not more than 7% rhodium can be
replaced at the Rh3 site, and no rhodium substitution what-
soever is observed for Rhl, leading to the solid solution
Fe Rh; .B; with x = 1.3.

A suitable composition, which may be obtained as a sin-
gle phase in Fe.,Ru,; B; solid solution, is FeysRug sBs
(65 VE), because nearly all substituted iron atoms are on
the Ru2 site as only 4% of iron was found at the Ru3 site.
Indeed, FeysRugsB; could be achieved as a single phase.
Furthermore, the M’ sRug sB3; (M’ = Cr, Mn, Co, Ni; 64,
65.5, 60, 66.5 VE) series were also successfully synthesized.
Rietveld refinements reveal impurities of the intermetallic
phase Rugg93M'go; in phases with M’ = Cr, Mn, Ni,
whereas a single-phase product was obtained in the case of
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Coy sRug sB3.[*1 Single-crystal structure analyses reveal that
no manganese is present at the Ru3 site in Mn, sRug 5B3,
which indicates that Mn,sRue sB; adopts the FeRhgBs
structure model. This situation is different from that of the
isotypic Fe- and Ni-based phases: In these two cases, both
the Ru2 and Ru3 sites accommodate the M’ element. How-
ever, it is expected that a preferential substitution of Ru by
M’ also takes place at the Ru2 site alone in the M’,-
Ru, B3 (M’ = Cr, Fe, Co, Ni) phases at lower M’ content
(0 < x <0.5). Therefore, the site preference in the Ru-based
phases is similar to the one observed in the Rh-based ones,
the difference lying only in the range in which a particular
model is adopted. In the Fe,Rh;_ B3 phases,>*3 only one
of three possible sites is preferentially occupied by iron
when x = 1, whereas the same situation is observed in
Mn,Ru; Bs but for x = 0.5 and should also be expected
in M’ Ru; B3 (M’ = Cr, Fe, Co, Ni) but only for x < 0.5.

4.2 Magnetic Properties of FeRhgB; and My sRug sB; (M =
Fe, Cr, Mn, Co, Ni)

4.2.1 FeRhsB;: The First Ferromagnetic Boride of Th,Fes-
Type Structure

FeRhgB; is a ferromagnet exhibiting spontaneous mag-
netization below a Curie temperature (7¢) of approximately
225 K. Figure 15 shows the hysteresis loop of FeRhyB; at
5K and an enlarged part of it showing a small remanence
and a coercive field He = 1.99 kAm™! lying in the range
(1-30 kAm™) of semi-hard magnetic materials.[*’]

Figure 15. Hysteresis loop of FeRhgB; at 5 K. Inset: enlarged part
of the hysteresis showing the coercive field and the remanence.

Electronic structure calculations were also performed on
FeRh¢B; using the linear muffin-tin orbital (LMTO)
method, in its tight-binding representation to determine its
ground-state magnetic ordering.[*3] These calculations con-
firmed the ferromagnetic ground state with an indirect cou-
pling of the magnetic moments (located at the iron site) via
the rhodium atoms. This type of indirect coupling was al-
ready found in the Rh-rich ferromagnetic phases of the
Sc,FeRus ,Rh, B, series (section 2.2). The calculated mag-
netic saturation moment for FeRh¢B; is 4.02 pg. The local
moment for iron is 2.78 pg, with a small average moment
for rhodium (0.22 pug). FeRheB; therefore reinforces the
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trend already observed for borides of the Ti;CosB, struc-
ture type containing rhodium as the main component (sec-
tion 2.2) and showing leading ferromagnetic interactions.

4.2.2 Weakly Ferrimagnetic Fe, sRus sB; and Paramagnetic
M, sRug sB; (M = Cr, Mn, Co, Ni)

As already seen in sections 2 and 3, nearly all transition-
metal-rich borides containing ruthenium as the main com-
ponent show strong antiferromagnetic interactions, with the
exception of TigFe,Ru;gBg, in which ferromagnetic interac-
tions are observed. A plot of the atomic magnetic dipole
moment (u,) vs. applied field in Fe, sRug 5B reveals that a
field of 0.03 T at 5 K produces only a very small magnetic
moment of 0.01 pg and even at 5 T only a moment of 0.3 pg
is obtained. Therefore, considerable but weak ferromagnetic
interactions are present in this phase below a very low Curie
temperature of only 5 K. On the other hand, the effective
magnetic moment (u.g) vs. temperature curve (Figure 16)
resembles those plotted for the antiferromagnets
Sc,FeRusB, (60 VE), Sc,FeRu,;RhB, (61 VE), and
Sc,FeRusRh,B, (62 VE) (Figure 3), indicating that strong
antiferromagnetic interactions are also present. The pres-
ence of both ferromagnetic and antiferromagnetic interac-
tions in Fey sRug sB; suggests that this phase orders ferri-
magnetically below 5 K. This is further supported by the
fact that iron is found at two independent crystallographic
sites with different occupations in the crystal structure of
Feo sRug sBs.

50 100 150 200 250 300
T/K

Figure 16. Effective magnetic moment vs.
Feo_SRu6_5B3.

The isotypic My sRus sBs (M = Cr, Mn, Co, Ni) phases
are all paramagnets: the Cr-, Co-, and Ni-based phases are
Pauli paramagnets, whereas the Mn-based phase shows a
mixture of temperature-dependent and Pauli paramagne-
tism. The obtained temperature-independent molar
susceptibilities (y,,) are 1.0X10* m*mol' (Cr, sRug sBs,
64 VE), 22X 10 m*mol! (Co,sRussBs, 65.5 VE), and
3.8 X 10® m*mol! for (Nij sRug sB;, 66 VE). A clear VE-
dependence of this constant molar susceptibility is observed
in these paramagnets: y,, increases with increasing VE
count in the My sRug sB; (M = Cr, Mn, Co, Ni) series, that
of Mn, sRug sB; phase makes an exception but still remains
in the same range as the others. These values are also com-
parable to the one found for the transition-metal-rich bo-
ride Sc,NilrsB, (2X 108 m3mol1)."]

temperature for

5 New Structure Types with Potentially
Interesting Magnetic Properties Containing B,
Units

The crystal structures of metal-rich borides usually con-
tain isolated boron atoms (as seen in the previous sections),
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but often the boron atoms tend to build homonuclear
bonds, leading to the formation of boron fragments or
chains.'!l The tendency of boron to form small B-units
even in metal-rich borides is indeed governed by the paucity
of electron-donating properties of the metal partners. Boron
compensates the lack of electrons by making B-B bonds.

The most common boron fragment found in metal-rich
borides is a dumbbell (boron pair). Moreover, cis-trans
chain-like B¢ fragments occur in Rh3B, ,.[*) linear B, chain
fragments were found in RhsB,*” trans zigzag B, frag-
ments were observed in Mo,IrB,,[*® cis zigzag B, fragments
were observed in the B-phase of Cr,IrB,,[*! whereas B, tet-
rahedral®® were observed in some borides of the Cry;Ce-
type structure (section 7). Given the diversity of B, frag-
ments observed, one had to wait until the year 2006 to dis-
cover the first trigonal planar B, unit in Ti; ¢Os; 4JRuB,,P!
although nearly all boron layers and even the boron chain
present in Ru;;Bg can be thought of as being constructed
from a trigonal planar B, fragment.>?! Such a boron “miss-
ing link” in terms of structure had never been reported be-
fore, neither in borides nor in other intermetallic phases.
However, two examples of a related trigonal planar unit
were found for the elements silicon and germanium in the
Zintl phases Li;,Si; and M5, Mgs (E;3 (M = Sr, Ba; E =
Si, Ge),’*>4 but usually the observed X, units (X = any
element) in other ionic compounds are not trigonal planar.
For example, As,* or Sb,* squares are found in arsenides
and antimonides, respectively,>> and even in the very rich
structural chemistry of polysulfides, the S,>~ units are zig-
zag-likeP® A trigonal planar arrangement, however, is
commonly found by combining at least two elements (XY 3),
for example, the boron trihalogenides BZ; (Z = F, Cl, Br,
I) or the complex ions BO;*-, BN;%, and CO5>, which are
all trigonal planar. The following subsections are devoted
to the crystal chemistry of boride phases containing not
only the rare trigonal planar B4 unit but also phases accom-
modating the more common zigzag B4 fragment. The po-
tential of these phases to produce new magnetic materials
is also discussed.

5.1 Trigonal Planar B, Units in Ti; 40s; 4JRuB,-Type
Phases

5.1.1 The Ti; sOs; ;RuB, Structure Type

Ti; ¢Os; 4RuB, could be synthesized from the elements
by using about 50% excess osmium. Its crystal structure,
determined by single-crystal X-ray diffraction, is of a new
type [ = 8.8554(14) A, ¢ = 3.0336(7) A, space group P62m,
no. 189]. It is composed of two alternating layers stacked
along the ¢ axis (Figure 17): The first layer contains the
M1 atoms (69% Os + 31% Ti) and the trigonal planar By
fragments (containing B1 and B2 atoms), whereas the sec-
ond layer is filled with ruthenium atoms, M2 atoms (96%
Ti + 4% Os), and isolated boron atoms (B3). Although the
two layers exhibit mixed atomic positions (M1 and M2) by
osmium and titanium, there is an obvious site-preferential
tendency: The osmium atoms mainly enter the layer at z =
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1/2, whereas the titanium atoms are mostly found in the
layer at z = 0. The two layers are interconnected, mainly by
M1-M1, M1-Ru, and Ru-Ru bonds, thereby generating the
coordination environments around the boron atom and the
M2 atoms (Figure 17).

Figure 17. Projection of the crystal structure of Ti; ¢Os; 4RuB,
along [001]. Boron-centered trigonal prisms are highlighted: M1 =
69% Os + 31% Ti, M2 = 96% Ti + 4% Os.

There are three interesting features seen in the structure
of Ti; ¢Os; 4RuB, (Figure 18): one-dimensional M2 (96%
Ti + 4% Os) chains, one-dimensional strings of face-sharing
empty tetrahedral and square-pyramidal clusters, and, most
importantly, the already mentioned trigonal planar B, frag-
ments.

Ru . sz\ ~
~ |lB1 @
~e
Q o
<’
¢ L@
a

Figure 18. The three structural features of Ti; ¢Os; 4JRuB,: one-di-
mensional strings of face-sharing empty tetrahedral and square py-
ramidal (Ru/M1)e clusters (left part) running along [001], one-di-
mensional chains of M2 atoms, also running along [001], and the
trigonal planar B4 units: M1 = 69% Os + 31% Ti, M2 = 96% Ti
+ 4% Os.

The interatomic distances in the structure of Ti; Os; 4-
RuB, compare quite well with those already found in transi-
tion-metal borides reported in the previous sections. COHP
bonding analyses have indicated that the metal-boron inter-
actions (Os-B, Ru-B, Ti-B) are the strongest in the struc-
ture as observed for other transition-metal-rich borides.
However, they experience a strong competition from the B—
B interactions in this new structure type.

The B1-B2 distance (1.89 A) is just 0.07 A larger than
the average distance observed in o-boron (ca. 1.82 A). The
COHP analysis shows very strong B-B bonding interac-
tions up to the Fermi level (Figure 19, right), with an energy
integral (ICOHP) of -3.13 eV/bond, a value not far from
the one calculated for the B-B interaction in the boron layer
of TiB, (ICOHP = —4.04 eV/bond).’”l The analysis further
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shows that the B-B bond can host even more electron den-
sity, because there are virtual bonding levels in the conduc-
tion band.

Total DOS B1-B2 (3x 1.89 A)

=
;

o

Energy (eV)
o

]
o

0 5 10 15 20 4 -2 0 2 4
DOS —COHP

Figure 19. Theoretical density of states (DOS) of Ti; ¢Os; 4RuB,
and COHP bonding analysis of the B1-B2 interactions; the Fermi
level has been set to the energy zero. Reproduced from ref.>! with
permission of The Royal Society of Chemistry.

Because of the finite DOS at the Fermi level (Figure 19,
left), the phase is predicted to be a metal, as expected, and
the slightly lowered DOS just above the Fermi edge also
indicates that this very structure type may accommodate
additional electrons. Despite this suggestion, it is still not
clear which element in the structure may be substituted by
another one having more electrons. Such information is
nonetheless useful for the discovery of new compounds with
the same structure type or to even target a specific property
such as magnetism, in order to find new magnetic materials
belonging to this structure type. We may follow the example
of the Ti;CosB,-type structure, which has produced many
magnetic materials: for example, Sc chains were substituted
by Fe chains in Sc;RhsB, to produce the strong ferromag-
net Sc,FeRh;sB, (section 2, Table 1). It is worthwhile noting
that the one-dimensional M2 chain (96% Ti + 4% Os)
found here has also been observed for all 3d elements in
related phases (with TizCosB, and Zn;Rh3Bg structure
types, see sections 2 and 3). In all three cases, the intrachain
metal distances are almost the same (ca. 3.0 A). However,
the interchain distances come out smaller (4.6 A) for
Ti, ¢Os; 4RuB, than for the compounds of the Ti;CosB,
type (ca. 6.6 A) and Zn;,Rh;Bg type (ca. 12.5 A). None-
theless, it is very well possible that substituting M2 by a
magnetically active element (such as Cr, Mn, Fe, Co, Ni)
could have the same consequence on the magnetic behavior
of these hypothetical phases as for those of the Tiz;CosB,
structure type where itinerant magnetic ordering has been
observed.

5.1.2 Ternary and Quinary Phases with Ti; s0s; 4RuB,-
Type Structure

The importance of osmium for phases with Tij 40s; 4-
RuB,-type structure was further tested by substituting ru-
thenium by another osmium atom, which led to the ternary
Ti; 6Os, 4B, having the same number of valence elec-
trons.’®1 In contrast to the quaternary Ti; ¢Os;4RuB,
phase, in which the titanium site is mixed with a small
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amount of osmium, the ternary Ti; 4Os, 4B, did not show
any osmium at the titanium site. Thus, the resulting tita-
nium chains resemble those present in Tiz;CosB,, which
were substituted by a magnetically active element (M’) to
produce the substitutional variants M,M'TsB, showing ex-
citing magnetic properties (antiferromagnetism, metamag-
netism, and ferromagnetism). Since these properties are
mainly attributed to the M'-chains, which have nearly the
same intrachain distance (ca. 3.0 A) as the titanium chain
in Ti; ¢Os,4B,, a similar substitution of titanium in
Ti, Os, 4B, by a magnetically active element (e.g. iron) may
also lead to interesting magnetic properties. Nonetheless,
experimental efforts so far allow for the substitution of only
7% of titanium in Ti; ¢Os, 4B, by iron, so the compound
was not investigated any further.

In view of the knowledge from the section 2, it is very
probable that a phase containing iron chains (or iron/tita-
nium chains) and rhodium atoms (not ruthenium) may or-
der ferromagnetically. One third of the titanium in
“Ti0s,RhB,” was successfully substituted by iron. Two sin-
gle crystals yielded the formulas Tig ¢;Fe( 330s,RhB, and
Tig 75Fep.250s,RhB,, indicating a phase width and the solid
solution Ti;_,Fe, Os,RhB,.58 In contrast to the quaternary
Ti; ¢0s; 4RuB,, no mixed occupancy was observed at the
osmium and rhodium sites in the new quinary iron-contain-
ing phases, which indicates that they are more ordered than
the quaternary phase.’®! As expected, the crystals of the
solid solution Ti;_,Fe Os,RhB, (0 < x < 0.5) are strongly
attracted by the external magnetic field of a bar magnet.
This preliminary observation needs to be confirmed prior
to the synthesis of larger crystals for magnetic measure-
ments. These measurements cannot be done on powder
samples, because, at this stage, phase-pure powder samples
could not be synthesized.

5.2 An Unexpected New Structure Type Related to the
Ti; 60s;.4RuB, Type

All phases with Ti; 40Os; 4JRuB, structure type were syn-
thesized from the elements by using an excess of osmium,
indicating that they melt incongruently. But why is an excess
of osmium only (not the other metals) so important to these
syntheses? A substitution of osmium by an element having
more electrons (in accordance with the DOS prediction)
may provide an answer to this question. Iridium is the di-
rect neighbor of osmium in the periodic table having one
electron more, thus iridium may be the ideal candidate for
this substitution. The syntheses of “Ti; ¢Ir; 4JRuB,” and
“Tilr,RuB,” could not be achieved in the Ti; (Os; 4RuB,
structure type, because phases with TisCosB,-type structure
were identified in the multiphase powder diffractograms as
main components. In the next synthesis, the number of val-
ence electrons was increased by substituting ruthenium with
rhodium, leading to “Ti; ¢lr; 4RhB,” and “Tilr,RhB,”
starting compositions. Neither Ti; ¢Os; 4JRuB, nor
Ti;CosB,-type structures were observed. From the dif-
fractograms, only iridium could be assigned and many
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peaks remained unidentified. Luckily, some single crystals
of a new phase were obtained.*! Its crystal structure (Fig-
ure 20) is strongly related to the Ti; 4Os; 4RuB, structure

type.

Figure 20. Projection of the structure of Ti; ;Os,4Rh; B3 along
[001]. Boron-centered trigonal prisms are highlighted: M1 = 65%
Ir + 35% Rh, M2 = 68% Ti + 32% Rh.

The new phase (around 10%) was found in the form of
single crystals while searching for “Tilr,RhB,”, and the re-
action yield could be improved up to 60% by using an ex-
cess of Ir: This excess is the first similarity between the new
structure and the Ti; ¢Os; 4JRuB, structure type. The refined
compositions from two single crystals are Ti; ;Rh, 4Ir; 9Bs
and Ti; oIr, )Rh, B3, which indicates that the obtained
phase is actually a complex solid solution of the general
type Ti;+Rhy . Ir; B,, because rhodium is found to mix
with both titanium and iridium at different sites (Fig-
ure 20). The structure is strongly related to the Tij,-
Os,_RuB, type. Both contain one-dimensional Ti chains
with nearly the same intrachain and interchain distances,
empty face-sharing clusters, and B, fragments with compar-
able B-B distances but different shapes. The B4 fragments
present in Ti; 4Os; 4JRuB, type structures are trigonal-
planar but they adopt the most common zigzag-like shape
in the new solid solutions Ti;4Rh, . ,Ir; ,B,. Therefore,
the main difference between the two structures is the dif-
ferent shapes of the B, fragments.>!

For this structure type, too, it is well possible that substi-
tuting the titanium chain by a chain of a magnetically active
element (e.g. iron) could have the same consequence for the
magnetic behavior of the hypothetical compounds as for
those of the previous structure types, which were found to
behave as itinerant magnets.

6 New Transition-Metal Borides with Double-
Perovskite-Like Crystal Structures

Among the large family of perovskites, a group of cubic
intermetallic  perovskites with the general formula
AM;X 'l where A and M are metals and X is B, C, or
N, have drawn a great deal of attention lately due to their
interesting physical properties.[®* %3 YRh;B possesses the
hardness value of 8 GPa,° while YRh;B® and
MgNi;Cl% are superconductors with transition tempera-
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tures of 0.8 and 8 K, respectively. They all crystallize with
the simple cubic perovskite structure in the space group
Pm3m (no. 221).

6.1 Ti,Rh¢B: The First Boride with a Double-Perovskite-
Like Structure

In recent years, a large number of ternary and quaternary
rhodium borides have been synthesized and structurally
characterized. Some of them crystallize with a simple cubic
perovskite-like structure. The crystal structure of the series
RET;B, . (RE = Sc, La, rare-earth element, T = Ni, Rh, 0
< x = D779 has been described as a normal cubic per-
ovskite, whereas SnRh3B,_, (x = 0.2)"! crystallizes with the
filled U;Si structure type, a distorted variant of the cubic
perovskite. No superstructure reflections were observed for
these normal cubic perovskite phases during the X-ray dif-
fraction experiments. This would have lead to some order-
ing of the boron site and possibly a change in the chemical
formula. For example, many compounds are described with
only half of the expected boron content, for example,
ScRh;By s and ScNi;Bgs. Superstructure reflections were
observed for the first time in the powder diffraction and
single-crystal X-ray diffraction data of Ti,Rh¢B,"?! which is
the first transition-metal boride with a double-perovskite-
like structure (Figure 21).

Figure 21. Left: Perspective view of the structure of Ti,Rh¢B em-
phasizing the BRhg octahedra. Right: The same view but high-
lighting the empty octahedral Rhg clusters.

In the crystal structure of Ti,Rh¢B (space group Fm3m,
no. 225), titanium occupies the Wyckoff position 8¢ and is
surrounded by twelve rhodium atoms at 2.76 A to form a
cuboctahedron. Rhodium occupies the position 24e and is
surrounded by four titanium atoms and eight other rho-
dium atoms to also form a cuboctahedron, but here one
quadratic face of the cuboctahedron is centered by a boron
atom. Boron lies at position 4e and is octahedrally sur-
rounded by six rhodium atoms. There is no crystallographic
indication of any substitutional disorder.

The crystal structure of Ti,RhgB can be described as a
double perovskite, A,BB’'Og, in which the A site is occupied
by titanium, the B site by boron, the O site by rhodium but
the B’ site is vacant. As shown in Figure 21 (left), isolated
BRh¢ octahedra adopt the motif of a face-centered cubic
structure. The resulting octahedral sites are vacant, which
leads to the formation of Rhg clusters (highlighted in Fig-
3087
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ure 21, right), and both entities are linked with each other
through their corner rhodium atoms.

The chemical bonding in Ti,Rh¢B was investigated by
LMTO band structure calculations. The DOS in the valence
region exhibits significant rhodium character, titanium
levels contributing slightly from —10eV up to the Fermi
level (Figure 22a). Because of the nonvanishing DOS at the
Fermi level, the phase is predicted to be a metal, as ex-
pected for this intermetallic compound. According to
COHP bonding analysis (Figure 22b—d), the strongest
bonding interaction is found for the B-Rh bonds, and this
is in accord with the short B-Rh distance of 2.02 A, which
is even shorter than the sum of the covalent radii (2.07 A).
A similar interatomic distance (2.04 A) was also found in
the perovskite phase ScRh3B.[°71 There are also strong Ti—
Rh interactions, which do not come unexpectedly, taking
into account the short (2.77 A) bond that resembles the
metallic distance for coordination number (CN) 12 (2.79 A,
ref.73]) and the one present in binary Rh;Ti (2.70 A, ref.l4).

a) b) c) d)
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Figure 22. (a) Total and Rh-projected (black area) DOS for
Ti,Rh¢B; COHP curves for (b) the B-Rh bond, (¢) the Rh-Rh
bonds in the Rhy cluster (2.68 A), and (d) the Rh—Rh bonds in the
BRhg octahedron (2.85 A).

With respect to the Rh—Rh interactions, there are two
types to consider. First, one finds twelve short Rh—Rh con-
tacts of 2.68 A in the empty Rhg cluster and, second, there
are other twelve but wider Rh—Rh contacts of 2.85 A in the
filled BRhg units. The analysis (Figure 22¢ and d) evidences
a net bonding effect for both, but the energy integral
(ICOHP) for the empty Rhg cluster is more than two times
as large as the one of filled BRhg units. The BRhg octahe-
dron is very much weakened, because too much electron
density has gone into the B-Rh bond. For completeness,
we note that the length of the short Rh—Rh contact (2.68 A
and strongly bonding) is equal to the metallic Rh distance
for CN 12 (2.68 A, ref73) but shorter than the observed
average value (2.75A) in Rhg cluster complexes’¥ and
slightly longer than the calculated metallic distance (2.63 A)
of an octahedral Rhg cluster.l”>] Ti—Ti bonding interactions
are not present.

Coming back to Figure 22¢ and d, the antibonding Rh—
Rh interactions observed at the Fermi level point towards
a potential instability of the system with respect to spin
polarization. Given a sufficient exchange splitting, a redis-
tribution of the spins and a magnetization of the system
may annihilate antibonding interactions and lower the total
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energy, as observed in section 2. For the 4d element Rh,
this effect does not take place here because any introduced
magnetic moment vanishes for Ti,RhgB upon iterating to
self consistency, leaving the phase with a zero net mo-
ment.[”?! This theoretical finding further corroborates prior
theoretical calculations performed on the octahedral Rhg
cluster.[”3] Experimentally, magnetism was only observed for
free Rh,, clusters with 9 = n = 34.I79

6.2 Zr,IrgB with an Eightfold Superstructure of ZrIr;B 5

Ti,RhgB (reported above) is the first phase in which a
boron ordering was observed due to the presence of the
Y5 Y Ya-type superstructure reflections in both X-ray single
crystal and powder diffraction data. However, electron dif-
fraction patterns have also revealed the presence of the
same type of superstructure reflections together with some
satellite ones in CeRh;B, (0.4 = x = 0.5)"1 and ScRh;B,.
(0.5 = x = 0.75)78 phases. These findings indicate that the
structures of these nonstoichiometric perovskite borides are
actually only the average structures. Even in CePd;By i3, the
eightfold superstructure (CegPd,4Sb-typel”!) found in re-
lated CegPd,yM (8 X CePd;M, 13) phases (M = Al, Ga, In,
Ge, Sn, Pb) was not observed.®Y ZrIr;B, (0 <x = 0.5)
compounds synthesized in the late seventies®!] make no ex-
ception, as they were structurally described also as simple
cubic perovskites (Figure 23, left). However, high-quality
powder samples and single crystals, for the composition
with x = 0.5, could be synthesized recently, and X-ray dif-
fraction data show the Y2 %2 Y2-type superstructure reflec-
tions.¥?! Zr,Ir¢B (Figure 23, right) is isotypic to Ti,Rh¢B
described above, and its crystal structure represents an
eightfold superstructure of the reported Zrlr;B, s. Because
the transition metals in both phases belong pairwise (Ti/Zr
pair and Rh/Ir pair) to the same groups in the periodic
table, their electronic properties are qualitatively very sim-
ilar. However, a pseudogap, not observed in Ti,RhgB, is
found at approximately 1eV above the Fermi level of
Zr5IrgB. DOS predicts Zr,IrgB to be a metallic conductor,
as expected.

[+

b, §F

Zrir3By s

ZrylrgB

Figure 23. Eightfold superstructure transformation of Zrlr;Bg s
into Zr,IrgB. Boron-filed and empty Irg octahedra are highlighted.

The element substitutions from Ti,RhgB en route to
Zr,5Ir¢B have induced an increase in the unit cell volume of
Zr5IrgB of roughly 32 A3 relative to that of Ti,RhgB. Two
different types of substitutions may also be imagined with
these elements, namely a combination of 3d with 5d or 4d
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with 4d transition metals, leading to the hypothetical
“Ti,Ir¢B” and “Zr,Rh¢B” phases, respectively, whose vol-
umes should lie between those of Ti,RhgB and Zr,IrgB. The
authors who discovered Zrlr;B, (0 < x = 0.5) also synthe-
sized ZrRh;B, (0 <x = 1)B1 but the corresponding
“Tilr;B,” phase is still unknown. It is well possible that
the same superstructure reflections observed in Zr,IrsB and
Ti,RheB can also be found in a high-quality diffraction
pattern of ZrRh;By 5, which will then induce its formulation
as “Zr,Rh¢B”. In fact, the structure of all intermetallic bo-
ride phases crystallizing with the simple cubic perovskite
structure should be revised. However, obtaining high-qual-
ity powder or single-crystal diffraction data is the prerequi-
site for the observation of these very small superstructure
reflections.

7 Transition-Metal Borides with Cr,3;Cg-Type
Crystal Structure

7.1 Crystal Chemistry

Metal-rich borides crystallizing with the Cr,;Cg-type
crystal structure represent the largest group in this boride
family (see Table 4 for some stable examples). These borides
are mostly attractive, because of their good mechanical
hardness and their soft ferromagnetic properties.

In fact, the crystal structure of Cr,3Cq (space group
Fm3m, Cr on 48h, 32f, 8¢, and 4a; C on 24¢) enables mul-
tiple substitution paths at the metal positions when carbon
is substituted by boron (Figure 24a). In the boride systems,
substitutions by at least one metal seems to be a stabilizing
factor, because until today no binary boride with Cry;Bg
structure type has been reported to exist in thermodynamic
equilibrium. However, the formation of metastable binary
borides Fe,3B4, C0,3Bg,183 and Niy;Bgl®4 was reported, and
recently a Co,3Bg single crystal was obtained from a Co-
In-B alloy.[® Interestingly, a large range of M’ elements
(M’ = main group element, transition metal, lanthanoid el-
ement)®%87] helps to stabilize the binaries M,3Bg, thereby
leading to two groups of ordered ternary phases. De-
pending on the size of the substituting M’ element, different
sites are affected by the substitution: When the M’ element

O Ni (48h, 32f)
B (24
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Table 4. Stable boride phases with Cry;B-type (space group Fm3m)
or related structures.

M, (M _ M’ ,),Bg (mostly ordered)
M M

Co In, Sb:¥7al Ga, Sn:B70) Ge,[87¢] Sc:187a.87d] Cp:[87¢] 7y Hf1874]
Ta: 70870 Mo, W7l [Is7e]
Ni  Ca, Sn, Ge:870] [ 870878 Sh{87a] §:087d] Ce, Ly, Tm, Yb, Er:37¢!

Ho 871 {is7a)
M,oM'5 (MM’ )Bg (mostly ordered)
M M

Co Ti, Nb, V87 Mg, AJl49870]
Ni  Li7 Zp Hf, Ti;B7 Nb, Ta 87870 V87l 7 Al Gals7!

(M,_M',)»3Bg (strongly disordered)
M M

Mn Co;87 Ni;870) Fel878 with x = 1.2-13.8
Re Mn, Fe, Co, Ni®dl with x = 1.4-20
Ir  Cr, Mn, Co, Fel¥"! with x = 7.6-13
Ru Nb, Ta (x = 19)71
M, M), M, B sy
M M
Ni Al(x=1,y=2)
Co Ir (x = 8.9, y = 1.125) partial ordering/®! ~
Ir (x = 7.56, y = 1) full ordering (space group F43m)5]

is larger than M, it occupies predominantly the atomic site
with the highest coordination number (site 8¢, CN = 16),
thereby leading to the formula M,;M’,Bg¢; with increasing
M’ content, the M’ atoms may additionally enter site 4a
(CN = 12) to give the formula M,yM';B¢ (Figure 24a).
Moreover, mixtures of the two metals are often observed,
so that the aforementioned two general formulas become
M, (M|_M'),Bs and M,,M',(M;_.M’',)Bg, respectively.
With decreasing differences in atomic radii, the statistical
distribution of M (Cr, Fe, Mn, Co) and M’ (Ir, Re) on
atomic sites 48/ and 38f'is observed, thereby displaying ex-
tended homogeneous regions and leading to the general for-
mula (M;_,M',),3B¢.[5>-5¢]

In some boride systems, additional boron atoms have
been observed, which leads to the general formula
MM’ oMy Bgry, (v = 1-2): for example, Niy-
AlB4,°% Coy531159B1o.5,%* and Coy3 golry.s¢B1o.* In the

O Collr (48h, 2x16e, 4a)
%B (243
Co (4

®)

Figure 24. Crystal structures of Ni,gAl3B¢ (a) and the boron-rich phases Ni,AlB 4 (b) and Coz60lr756B1o (¢) projected nearly along
[110]. Al on 8¢ in (a) is totally substituted by By tetrahedra in (b), but only one half is substituted by B, tetrahedra in (c) and the other
half contains only a small amount (16 %) of cobalt.
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first structural model for these phases, the greater boron
content has been explained by partial or total replacement
of metal atoms at the 8¢ site by B, tetrahedra (boron atoms
at 32/),59-89 thus maintaining the Fm3m space group (no.
225, centrosymmetric) and Cr,3Cg-type structure. A full bo-
ron substitution at this site, that is, with y = 2 (two boron
tetrahedra substitute two M’ atoms), leads to the formula
(M;_ M’ ,)>1By4, for which Niy,AlB;4 (Figure 24b) is the
only structurally characterized representative.’” For y < 2,
a random substitution has to be assumed, if the structure
type is to be maintained, a situation proposed, for example,
in the structure of Coy 3Irg oBjg 5.5 A low-symmetry vari-
ant (space group F43m no. 216, non-centrosymmetric) of
the Cry3Ce-type structure was proposed recently for
(Co 64170 36)21C00.16B10.5¢1 At lower symmetry, the 8c site
splits into two sites (4¢ and 4d), of which the 4c¢ site stays
empty but 44 is partially filled with cobalt. Similarly, the
32f site splits into two 16e sites, of which only one is occu-
pied by boron atoms (B,-tetrahedron). This structure model
exhibits full atom order separating M’ (Co3) atoms and By-
tetrahedra in individual sites 4d (partially occupied by Co3
atoms) and 16e (completely filled by boron atoms), avoiding
random replacements (Figure 24c). A crystallographic
group-subgroup relation indicates that the low-symmetry
variant is a translationengleiche, nonisomorphic maximal
subgroup of index 2 of Fim3m.[3¢]

7.2 Soft Ferromagnetic Borides with Cr,3Cs-Type Structure

The magnetic properties in metal-rich borides of the
Cr;Ce-type structure have been extensively studied mainly
for phases containing cobalt as main component,®® al-
though a few systems without cobalt have also been
studied.[®7&3 These phases usually order ferromagnetically
at very high Curie temperatures (7¢ often above room tem-
perature): Co,Al;Bg, for example, is a ferromagnet below
403 K.[%8d1 Substituting Co by another magnetically active
3d metal leading to the alloys (Co;_.Fe,), AlzBs and
(Co;_,Ni,),Al3Bg increases T¢ in the Fe case up to approx-
imately 800 K (at a Co/Fe ratio of 50:50), but in the Ni
case, T¢ first increases until a maximum (at a Co/Ni ratio of
85:15) is reached, then decreases until approximately 100 K.
Furthermore, the magnetic saturation moment follows ex-
actly the same path in both cases. No plausible explanation
has been given by the authors, and theoretical calculations
are needed here to really understand these behaviors, at le-
ast that of the magnetic moment, which can nowadays be
calculated with a very good accuracy, as shown in previous
sections of this work.

Another important aspect of the ferromagnetic materials
of this structure type is their soft nature. In fact, as shown
for example in In,Niy;Bg,187¢ their hysteresis loops have
very small coercive fields, but their usually high magnetic
permeability combined with the equally high mechanical
hardness and appropriate brittleness has prompted scien-
tists in the late seventies to propose them as good candi-
dates for magnetic transducing heads.®® Most magnetic
3090
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properties of these phases have been studied before the
nineties, although the potential for applications have been
already recognized in the late sixties. This is probably due
to the competition proposed in the form of the very good
mechanical hardness they also have. However, the complex-
ity of their compositions (as shown above) and the strong
disorder observed in some crystal structures surely compli-
cate the interpretation of the magnetic properties and make
theoretical calculations very challenging. Another impor-
tant aspect is the synthesis, which is generally not straight-
forward, and many phases have been discovered from a dif-
ferent starting composition.

8 Synthesis of Transition-Metal-Rich Borides

The synthetic methods for solid-state chemistry include
direct combination (high-temperature approaches), synthe-
ses from fluxes and melts, hydrothermal syntheses, and syn-
theses from solutions. Because of the very low diffusion co-
efficients in solids, the traditional solid-state synthesis re-
quires high thermal activation. In this method, reactants
are weighed in a specific ratio, ground together, pressed into
a pellet, and heated to high temperatures. The temperatures
needed to facilitate solid-state diffusion and reaction be-
tween grains often require, particularly with refractory tran-
sition-metal-rich borides, the use of specialized furnaces op-
erating at least at 1500 K, arc welders, RF induction heat-
ing. Therefore, this high-temperature route is the method of
choice to synthesize transition-metal-rich borides.

9 Conclusions

For the most part of this microreview, experiment and
theory have been used in a synergistic way to study the rela-
tionship between crystal structure and magnetic properties
in various transition-metal-rich borides.

Besides the predicted antiferromagnetism for phases of
Ti3CosBs-type structure having 62 valence electrons (VE)
and ferromagnetism for those with 65 VE, a classification
of this family of borides in two groups has been established:
the first group with VE below 63 shows predominantly anti-
ferromagnetic interactions, whereas the second having at le-
ast 63 VE shows predominantly ferromagnetic interactions.
Furthermore, antiferromagnetic interactions decrease as
ferromagnetic ones increase until a maximum is reached at
66 VE, before the ferromagnetic interactions decrease
again. In this study, titanium, actually considered to be
magnetically inactive, has a tremendous influence on the
hysteresis loops of these phases, as its substitution for scan-
dium has led to the discovery of the first semi-hard ferro-
magnets of the entire family of transition-metal-rich bor-
ides.

The Zn;Rh;gBg-type structure has produced two
exciting series of quaternary phases, Zn;)MRh;3Bg and
TigM,Ru,5Bg. In the former, size considerations are mainly
responsible for the stabilization of the expected phase by
M, whereas mainly electronic reasons are predominant in
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the latter. In addition, Ti;gRu;9Bg, the first ternary phase
in the Ti-Ru-B system, was decisive in understanding the
VE-dependence of the M site in TigM,Ru,3Bg phases.
Furthermore, the presence of iron ladders in TigFe,Ru;gBg
has produced the first ferromagnetic boride containing ru-
thenium as the main component.

In the structural family of borides with Th;Fes-type
structure, many ternary borides have been structurally well
characterized recently: A strong site preference is observed
when substituting either rhodium or ruthenium by a mag-
netically active element; this has led not only to the first
ferromagnet (FeRhgB3) but also to the first ferrimagnet
(Feg sRug 5B3) of this structure type.

Two new structure types, Ti; ¢Os;4RuB, and Tijy,-
Rh, . ,Ir; B, have the potential to produce new materials
with interesting magnetic properties, because of the pres-
ence in their crystal structures of titanium chains, which
may be substituted by chains of a magnetically active ele-
ment as proven in Ti;_ Fe Os;4RhB,. Furthermore
Ti, ¢Os; sRuB,>-type crystal structures contain the first re-
ported trigonal planar B, units, whereas the solid solutions
Tij4+Rhy y Irs B, contain the more common zigzag By
units.

In the perovskite boride family, two phases crystallizing
with double-perovskite-like structures were discovered.
Their structures show boron ordering, in strong contrast to
the reported disordered borides crystallizing with a simple
cubic crystal structure. Furthermore, the discovery of su-
perstructure and satellite reflections in some other phases
in this family by electron diffraction indicates that all the
reported disordered structures have to be revised.

The difficulty to achieve single-phase transition-metal
boride products in the Cr,3Cy-type structure has hindered
the study of magnetic properties in this group of phases to
its full potential. However, the phases studied show strong
ferromagnetic interactions and are soft magnets. Further-
more, this structure type has also produced (in some few
cases) B, units; unlike those reported above, they are By
tetrahedra.
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It is shown that 2,4,6-triacetylphlorogucinol (Hstapg) can be
utilized as Cz-symmetric tritopic bridging ligand, that can be
regarded as an annulated threefold acetylacetonate. To-
gether with 2-[bis(2-hydroxyethyl)amino]ethylamine (H,bhea)
as capping ligand the corresponding trinuclear copper com-
plex [Cugs(tapg)(H,bhea)3](ClO,4); has been synthesized as

the first example. The compound crystallizes in the trigonal
space group R3c with the complex cation located on a three-
fold rotation axis. Magnetic measurements reveal a ferro-
magnetic coupling between the copper centers, which are
transmitted through the bridging tapg®- ligand by a spin-po-
larization mechanism.

Introduction

Polynuclear transition-metal complexes have attracted
considerable attention because of their relevance to magnet-
ically coupled active sites in metalloproteins and their po-
tential applications as magnetic materials.!'l Although poly-
topic ligands play an important role in supramolecular
chemistry and crystal engineering,?! threefold symmetric
organic frameworks have been less employed.[!

In molecular magnetism symmetry plays a major role.
The overlap of orbitals and hence the exchange interactions
between the magnetic centers crucially depend on sym-
metry.[ In particular threefold symmetric systems possess
favorable properties related to phenomena like single-mole-
cule magnets (SMMs)P! and spin frustration.[® Neverthe-
less, tritopic ligands inducing strict C3 symmetry onto the
resulting complex molecule are rather scarce and to the best
of our knowledge limited to Schiff-base ligands based on
derivatives of triaminoguanidine!” and phloroglucinol.¥ In
case of copper complexes the phloroglucinol-based ligands
are capable to transmit ferromagnetic exchange interactions
via spin-polarization mechanism. However, assembly of
meta-phenylene-bridged transition metal complexes is not a
conclusive recipe to construct high-spin molecules as op-
posing spin-delocalization and spin-polarization effects are
operative in such systems.[]

Herein we report the synthesis of a trinuclear copper
complex as the first example of a transition metal
compound with 2.4, 6-triacetylphlorogucinol (Hjtapg;
Scheme 1) as threefold bridging ligand, which in its depro-
tonated form can be considered as an annulated threefold
acetylacetonate based on a benzene core.

[a] Institut fiir Anorganische und Analytische Chemie, Friedrich-
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Scheme 1. 2,4,6-Triacetylphlorogucinol (Hstapg).

Results and Discussion

The stepwise synthesis utilizing Histapg as a threefold
symmetry inducing ligand together with 2-[bis(2-hydroxy-
ethyl)amino]ethylamine (H,bhea) as capping coligand af-
fords the trinuclear copper complex [Cus(tapg)(H,bhea);]-
(ClOy4);5 (1) as blue crystalline compound. At first the cop-
per precursor containing the coligand is prepared by adding
an ethanolic solution of H,bhea to an ethanolic solution
of copper perchlorate hexahydrate. In a second step this
precursor complex is treated in acetonitrile solution with
the Hstapg ligand together with stoichiometric amounts of
triethylamine to facilitate deprotonation. For prolonged re-
action times the initially blue reaction solution turns green,
probably caused by a coordination induced Schiff-base for-
mation between the primary amine of the H,bhea coligand
and the carbonyl group of tapg®~ core ligand. To avoid con-
densation reaction, a fast crystallization procedure is cru-
cial. By vapor diffusion of diethyl ether into the acetonitrile
solution needles with hexagonal basal plane are obtained
within a few hours. The chemical constitution of 1 has been
confirmed by analytical and spectroscopic data.

The complex 1 crystallizes in the trigonal space group
R3c together with one acetonitrile molecule as solvent of
crystallization. In Figure 1 the structure of the complex cat-
ion [Cus(tapg)(H,bhea);]* and the atom numbering
scheme are given along with selected bond lengths and
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angles. The molecular structure shows that the three copper
ions are bridged by the tritopic tapg®~ ligand with copper—
copper distances of 725 pm. Each copper ion is coordinated
by one phenolic (O1) and one acetyl oxygen atom (0O2)
from the bridging ligand. The equatorial coordination
plane is completed by two nitrogen atoms (N1 and N2) of
the H,bhea capping ligand. The two hydroxy groups (O3
and O4) of the capping ligand are occupying the axial posi-
tions of the elongated octahedron. The observed bond
lengths are typical for a Jahn-Teller distorted copper(Il)
ion, with the axial bonds about 50 pm elongated with re-
spect to those of the equatorial plane. The least-squares
plane given by the equatorial donor atoms at the copper
center (N1, N2, Ol, and O2) is tilted by about 15° with
respect to the central aromatic ring of the tapg® ligand,
leading to a slightly bowl-shaped arrangement. A similar
distortion has also been observed for the complexes of so-
called triplesalen ligands,'® which are Schiff-base derivatives
of the Hstapg core ligand. The equatorial planes of the cop-
per coordination spheres within the molecular cation are
tilted against each other by about 25°. The observed equiva-
lence of the C-O (126 pm) and C-C (143 pm) bond lengths
within the tapg? ligand are clearly indicative of its chelating
nature as annulated threefold acetylacetonate core ligand
(cf. Figure 1). This is in contrast to the alternating bond
lengths observed for the protonated free Hstapg ligand.[']

Figure 1. Molecular structure of the complex cation [Cus(tapg)-
(H,bhea);]** in crystals of 1:CH3;CN. Hydrogen atoms are omitted
for clarity, only one set of the disordered positions for the chelate
ring containing O3 is displayed, thermal ellipsoids are drawn at the
50% probability level. Selected bond lengths [pm]: Cu-O1 189.2(3),
Cu-02 192.0(3), Cu-N2 199.8(4), Cu-NI1 203.9(4), Cu-O3
237.8(15), Cu-04 250.8(5), O1-C1 1.274(4), 02-C3 1.257(5), Cl1-
C2 1.438(5), C2-C3 1.431(5), C1-C2A 1.432(5). Selected angles [°]:
01-Cu-02 89.19(13), O1-Cu-03 98.7(3), O1-Cu-04 102.10(16),
0O1-Cu-N1 178.70(17), O1-Cu-N2 93.39(15), O2-Cu-03 80.7(4),
02-Cu-04 80.54(17), O2-Cu-NT1 91.96(15), O2-Cu-N2 173.6(2),
03-Cu-04 151.7(4), O3-Cu-N1 80.9(3), 03-Cu-N2 104.7(4), O4—
Cu-N1 78.70(17), O4-Cu-N2 93.2(2), N1-Cu-N2 85.53(16).

The cationic trinuclear complexes are stacked along crys-
tallographic threefold rotation axis with a twist angle of
18.2° and alternating chirality of the complex units, but the
same orientation of the bowl-shaped units with respect to
the rotation axis. The resulting crystal packing is illustrated
3094
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in Figure 2. Within the stacks the bowl-shaped complex cat-
ions are separated by about 695 pm, whereas the stacks are
separated by a distance of about 1500 pm. As a conse-
quence the shortest intermolecular copper—copper distances
are about 708 pm. Along the stacks hydrogen-bonding in-
teractions are observed between the complex cations as de-
picted in Figure 3. The perchlorate counterions are located
in the space between the bowl-shaped complex cations and
form hydrogen bonds to the primary amino group (N1) and
one of the hydroxy groups (O4) of the H,bhea capping li-
gands (Figure 3).

Figure 2. View of the packing of the complex cations [Cus(tapg)-
(H,bhea);]** in crystals of 1-CH;CN along the [001] direction. The
perchlorate counterions and the acetonitrile molecules are omitted
for clarity.

The temperature dependence of the magnetization data
has been measured on powdered samples of the trinuclear
compound 1:CH;CN in the temperature range from 2 to
300 K. These data are shown in Figure 4 as temperature
dependent plots of yy and y\7, where yy is the molar
paramagnetic susceptibility. At higher temperatures the lin-
ear dependence of the y\T values is indicative of tempera-
ture-independent paramagnetic contributions. Whereas be-
low 45 K the T values increase indicating ferromagnetic
coupling between the three copper centers.

Due to the C; symmetry of the molecular system, which
is imposed by the tapg®~ ligand, an equilateral triangle with
only one exchange coupling constant Jc,c, can be used to
describe the interactions between the copper centers leading
to the Heisenberg Hamiltonian shown in Equation (1). The
resulting analytical expression for yy;7 derived for three S
= 1/2 centers is given in Equation (2).[''l Where g¢, is the
average gyromagnetic factor of the copper centers, ¢ the
mean field parameter, Jc,c, the isotropic coupling con-
stants, and ypip the temperature-independent paramagne-
tism.

H=_JCI|C\| (A§CuIA§Cu2+A§CulA§Cu3+A§Cu2A§Cu3) (1)

_ NSPGAT 14+5exp[3J ., / 24T
4k(T-0) 1+exp[3Joy, / 2kT]

+ Xl

MT
& @)

uCu
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Figure 3. Representation of the hydrogen-bonding interactions of
the complex cation [Cus(tapg)(H,bhea);]** with the perchlorate
counterions (top) and neighboring complex cations along the stack
(bottom) in crystals of 1-CH3CN. Hydrogen atoms are omitted for
clarity, only one set of the disordered atoms is shown, broken lines
represent hydrogen bonds. Pertinent distances [pm]: N2--O11
292.8(11), N2--Ol14A 311.4(14), 04--013B 315(2), O3A--04
308.5(16).

The best fit of the experimental susceptibility data to
Equation (2) yields the parameters gc, = 2.1031(6), Jcucu
= +1.104) cm™!, ypp = 00018(1) cm®*mol™!, and 0 =
—0.51 K with a final coefficient of determination of R? =
0.98892 and is depicted in Figure 4. The observed ferro-
magnetic exchange coupling is consistent with a spin-polar-
ization mechanism based on the bowl-shaped distortion of
the complex unit and well within the range reported for
trinuclear copper systems based on the so-called triplesalen
ligands.[®!

For these triplesalen ligands it has been reported, that
the folding at the hinge given by the two equatorial donor
atoms of the central aromatic core (for 1: Ol and O2) re-
sults in a non-orthogonal overlap of the p. orbitals of these
oxygen donors with the magnetic d,- ,» orbital at the copper
center and therefore enables a direct delocalization of spin-
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Figure 4. Temperature dependence of yy; (black squares) and yp T
(empty circles) measured on powder samples of 1:CH;CN. The so-
lid lines represent the simulation with the parameters given in the
text.

density into the p. orbitals of the bridging ligand. Conse-
quently this hinge folding is a crucial factor for the size of
the observed exchange coupling mediated in such systems.®!
Larger folding angles are found to favor larger ferromag-
netic coupling between the copper centers. This is consistent
with the rather moderate bowl-shaped distortion observed
for the complex unit in 1 showing an actual folding angle
at the hinge of 12.7°. Nevertheless, also the nature of the
donor atoms in the equatorial coordination plane have to
be considered with respect to their influence on the strength
of the cooper—phenolate bond. In this context also the ob-
served behavior of the Hstapg ligand as an annulated three-
fold acetylacetonate is to be emphasized, as this can facili-
tate an efficient interaction between the copper centers and
the bridging core ligand.

Although the intermolecular copper—copper distances
along the hydrogen-bonded stack (cf. Figure 3) are some-
what shorter than the intramolecular ones (708 and 725 pm,
respectively), a relevant magnetic exchange interaction can-
not be expected due to the relative orientation of the mag-
netic orbitals with respect to the OH+++O hydrogen bonds.['”]

Conclusions

We have presented the synthesis of a trinuclear copper
complex with 2.4,6-triacetylphlorogucinol as Cz-symmetric
bridging ligand. This is the first example of a transition
metal complex with this annulated threefold acetylacetonate
core ligand. Moreover, this is a rare case for which the
threefold symmetry of the bridging ligand is transferred
into the resulting crystal structure, here leading to the trigo-
nal space group R3c. The bridging ligand facilitates ferro-
magnetic exchange interactions between the copper centers.

Experimental Section

General Remarks: The ligands 2.4,6-triacetylphlorogucinol
(Hstapg)!'3! and 2-[bis(2-hydroxyethyl)amino]ethylamine (H,bhea)!'¥!
were prepared according to reported procedures. All chemicals
were used as received without further purification. IR spectra were
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recorded on a Bruker IFS55/Equinox spectrometer on samples pre-
pared as KBr pellets. Raman spectra were measured with the
Bruker IFS55/Equinox spectrometer equipped with FRA 106/S Ra-
man unit on neat solid samples. Mass spectra were recorded on a
Bruker MAT SSQ 710 instrument utilizing electron spray ioniza-
tion and observation in positive mode. Elemental analyses (C, H,
N) were carried out on Leco CHNS-932 and El Vario I1I elemental
analyzers. Magnetic susceptibilities were measured on a Quantum
Design MPMSR-5S-SQUID magnetometer in the range from 2 to
300 K with an applied field of 2000 Oe. Diamagnetic corrections
were estimated according to Pascal’s constants.

|Cus(tapg)(H,bhea);](Cl04);*CH3;CN: A solution  of  2-[bis(2-
hydroxyethyl)amino]ethylamine (H,bhea) (44.6 mg, 0.3 mmol) in
2mL ethanol was added to a solution of Cu(ClO,):6H,O
(111.3 mg, 0.3 mmol) in 2 mL ethanol. The volatiles are removed
under a continuous flow of nitrogen. The obtained blue viscous oil
is dissolved in 2 mL acetonitrile and a solution of 2.4,6-triace-
tylphloroglucinol (25.8 mg, 0.1 mmol) and triethylamine (43.2 puL,
0.3 mmol) in 2 mL of acetonitrile is added resulting in a deep blue
solution. Long hexagonal needles suitable for X-ray diffraction
could be obtained at room temperature by fast vapor diffusion of
diethyl ether into the acetonitrile solution within a few hours; yield
83.9 mg (0.07 mmol, 70%). C3,HgoCl3CusN;O,,4 (1223.98): caled.
C 31.40, H 4.94, N 8.01; found C 31.08, H 5.07, N 7.84. Selected
IR data (KBr): ¥ = 3435 (vOH), 3340 (v, NH,), 3287 (v;NH,),
2974 (v,sCH,, CHj;), 2932 (v;CHs3), 2897 (v,CH,), 2255 (vC=N),
1553 (vC=Crom), 1461 (8 CH,), 1380 (8 CH3), 1091 (v,ClO4) cm ™.
Selected Raman data (50 mW, 100 scans): v = 2902 (v;{CHs), 2864
(viCH,), 1546 (vC=C,om.), 1463 (6CH,), 1379 (3CHj;), 933
(vsClO4) cm™!. MS-ESI positive (CH;CN+MeOH): m/z (%) = 1082
(4) {[Cus(tapg)(H,bhea)s](ClO,), + 2H}, 771 (19) {[Cuy(Htapg)-
(H,bhea),](ClOy)}*, 462 (100) [Cu(H,tapg)(H,bhea)]*. UV/Vis
(CH3CN): Aoy (6 Mem™!) = 623 (187), 232 (43300), 224 (19800)
nm.

X-ray Crystallographic Study for [Cus(tapg)(H,bhea);](ClO,);-
CH;CN: C3,HgoCl3CusN;O,4, M, = 1223.84 gmol ™!, trigonal space
group R3¢, a = 24.9693(4), ¢ = 13.9097(3) pm, V = 7510.4(2)-10°
pm3, Z = 6, u(Mo-K,) = 1.510 mm, d . = 1.624 g-cm3, 16894
reflections measured with a Nonius KappaCCD diffractometer at
183(2) K in the 2.89 to 27.49° theta range. The structure was solved
by direct methods and subsequently refined against F?> with the
SHELXL-97 program!' utilizing 308 parameters and 55 restraints.
The final solution converged at R, = 0.0404, wR, = 0.1023 for 3308
observed reflections with 7 > 2c(/) and R; = 0.0488, wR, = 0.1087
for the total number of 3795 unique reflections with a goodness-
of-fit on F? of 1.073 and a Flack parameter of —0.011(19).

All non-hydrogen atoms were refined with anisotropic displace-
ment parameters, except those of the disordered acetonitrile mole-
cule. All hydrogen atoms were placed at calculated positions and
refined as riding atoms with isotropic displacement parameters. For
one of the hydroxy ethyl chelate rings of the H,bhea ligand a disor-
der at a ratio of 1:1 over two crystallographic positions is observed.
A similar situation is found for the perchlorate counterion which
is also disordered over two positions in a 1:1 ratio. The additional
molecule of acetonitrile per trinuclear complex found in the crystal
structure is strongly disordered around the threefold rotation axis
in the cavity above and below the aromatic core fragment. The
relevant carbon and nitrogen atoms were refined with isotropic dis-
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placement parameters and the corresponding hydrogen atoms have
not been included. Due to the highly disordered electron density in
this region of the crystal structure the refinement was only possible
with appropriate restraints. The largest positive and negative resid-
ual Fourier peaks after the refinement were equal to 0.41 and —0.34,
respectively.

CCDC-770566 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.
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The synthesis, structure and magnetic properties of a new
non-oxido mixed-valence decanuclear heterometallic man-
ganese cluster [K3Mn;o(PhCOO);o(PhPO3),(Htea)s](PhCOO)-
6MeCNj}, (1), where Htea?" is the dianion of triethanolamine,
is reported. Compound 1 can be regarded as an analogue of
24-metallacrown-10, acting as a host for three potassium
ions. The resulting {Mn,,} cage crystallises as a cation; benz-
oate anions link the cages into a 1D polymer within the crys-

tal. Direct current magnetic susceptibility measurements
were collected at temperatures between 1.8 and 300 K and
applied magnetic fields of 1 and 10 kG. The room-tempera-
ture value is very close to the spin-only value of
38.25 cm®mol 'K expected for an Mn,,-cage repeat unit
comprising six Mn™ and four Mn' ions. At 2K and 70 kG
the magnetisation reaches a value of 19.5 Nug, suggesting a
ground state larger than S = 10.

Introduction

Manganese metallacrowns!!! exhibit cyclic structures
analogous to crown ethers, as they encapsulate guest ions
or molecules; this observation has led to the proposal that
they could function as cation, anion or ionic recognition
agents.”’’ Normally, manganese metallacrowns have two
bridging heteroatoms between metal atoms and are restric-
ted to analogues of 12-crown-4, 15-crown-5 and 18-crown-
6. Technically, some other cyclic structures have been de-
scribed as metallacrowns, for example, the class of hetero-
polyanions.[¥! These molecules have only one bridging atom
between metal atoms as 12-metallacrown-6, where the ring
involves single-atom hydroxide and alkoxide bridges be-
tween Fe!'! or Mn'" ions and an alkali metal cation encap-
sulated in the centre.”) Many wheel-shaped structures of the
first-row transition metals are described,!”) whereas in man-
ganese chemistry they are not so common. However, larger
cyclic structures with manganese are also known. These in-
clude the huge ring [Mng4O7,(0>CMe),5(OMe),4(OH)g-
(MeOH),»,(H,0),,] reported by Christou and co-workers;®!
[Mn"sMn'"15(bpy)24(02CMe)s(N3)e(tmp),5]'** [bpy = bi-
pyridine; Hitmp = 1,1,1-tris(hydroxymethyl)propane],
where acetate bridges link triangular subunits to form a
wheel structure;! five rings involving carboxylates and
ethanolamine ligands: [Mn™Mn"((O,CMe),4(mdea)g]

[a] Department of Chemistry, Aristotle University of Thessaloniki,
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Fax: +44-161-275-4616
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(mdea = N-methyldiethanolamine),® [Mn™,Mn',(O,-
CCHleu)lz(teaH)4],[9] [MHIHgMan(OszC)l6(teaH)12],[9]
[MHHIgMnH8(02CCH(CMC)2)1G(teaH)lz][IO] and [Mnlng-
Mn"4(O,CCH;)g(0,CnPr)g(teaH);,]% (teaH; = triethanol-
amine); and two metalladiazamacrocycles, [Mn'T,(2-
dmpshz),0(py)10] [2-dmpshz = N-(2,2-dimethylpropanoyl)-
salicylohydrazide] and [Mn'!,y(bzshz),o(MeOH);,] (bzshz
= N-phenylsalicylohydrazide), with an [Mn;o(u-NN);o]?°*
core and a spin ground state of S = 2 in both cases.[!!-2]

We have used a mixture of carboxylates, phosphonates
and triethanolamine ligands in the synthesis of new poly-
nuclear manganese complexes. In this report, we present a
decanuclear heterometallic manganese cluster, {{K;Mn;(-
(PhCOO),o(PhPO3),(Htea)s](PhCOO)-6MeCN},, (1), show-
ing a cyclic structure, which binds three potassium ions
within the ring. Compound 1 can be regarded as a metalla-
crown, an analogue of 24-metallacrown-10 acting as a host
for three potassium ions. The resulting cage crystallises as
a cation, and benzoate anions link the cages into a 1D poly-
mer within the crystal. The magnetic properties of 1 are
also reported.

Results and Discussion

The molecula structure of {{K3;Mn;o(PhCOO);o(PhPO3),-
(Htea)s](PhCOO)-6MeCN}, (1) (Figure 1) has no crystallo-
graphic symmetry. The {Mn,o} cluster has a planar cyclic
core comprising six Mn'" and four Mn'"! ions. Assignment
of oxidation states was determined by inspection of metric
parameters and confirmed by bond-valence sum analysis
developed by Brown and Thorp and co-workers.!'3]
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Figure 1. The crystal structure of 1. Phenyl rings of ligands, hydrogen atoms and solvate molecules are excluded for clarity.

The decametallic core is approximately planar, and ar-
ranged with two parallel lines of four Mn sites: Mn2, Mn3,
Mn4 and Mn5 on one side, and Mn7, Mn8, Mn9 and Mn10
on the other. The Mn2---Mn3---Mn4, Mn3--Mn4----Mn5,
Mn7--Mn8:»*Mn9 and Mn8--Mn9--Mnl0 angles are ap-
proximately 160°. The cyclic structure is completed by Mn1
and  Mnb6, and the Mnl0-+Mnl-Mn2  and
Mn5--Mn6---Mn7 angles are approximately 120°. In some
ways this resembles the double-horseshoes of chromi-
um(I11) reported by Timco et al.;l'¥l the two {Mns} horse-
shoes contain Mn3, Mn2, Mnl, Mn10, and Mn9, and Mn4,
MnS5, Mn6, Mn7 and MnS8, respectively.

The metal-metal edges of this very irregular decagon fall
into five groups. Firstly, two edges, Mnl--Mn2 and
Mn6---Mn7, are bridged by two alkoxide oxygen atoms and
an oxygen atom from phosphonate (e.g., O3, O4 and OS5
bridge Mnl--Mn2). Secondly, the two edges Mnl--Mn10
and Mn5---Mn6 are bridged by two alkoxides (e.g., Ol and
02 bridge Mn1---Mn10). Thirdly, the two edges Mn2---Mn3
and Mn7--Mn8 are bridged by a single alkoxide oxygen
atom and a 2.11 (Harris notation!'*!) bridging carboxylate.
Fourthly, the edges Mn4-:Mn5 and Mn9--Mnl0 are
bridged by an alkoxide oxygen atom, a phosphonate oxygen
atom and a 2.11 bridging benzoate. Finally, the edges
Mn3---Mn4 and Mn8---Mn9 are each bridged by three carb-
oxylates.

There are three types of chemically distinct manganese
sites (selected bond lengths are given in Table 1):

(i) Mnl and Mn6 are in a +2 oxidation state and are
seven-coordinate, with an NOg donor set and average Mn—
O/N distances of 2.273 A and 2.265 A, respectively. Each
centre binds to a tetrachelate double deprotonated triethan-
olamine group Htea> through 02, 06, O3, N11 and 023,
026, 027, N7, respectively, and one p,-oxygen atom (O5
3098
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Table 1. Selected bond lengths for compound 1.

MHHO(,N

Mnl-O02(5i01 21523)  Mn6 023 2.149(3)
Mn1-Ol o 2236(3)  Mn6-027T 2.198(4)
Mnl-Odiop 22483)  Mn6-O28 ) 2217(3)
Mn]706(triol) 2279(4) Mn67022(tri01) 2249(3)
Mnl- O35 23423)  Mn6 02604, 2.431(3)
Mnl-OSgmesy  2.2323)  Mn6-O25umm  2.223(3)
Mnl-N1T 2.426(4)  Mn6-N7 2.391(4)
Mn'"O,N

Mn2 O07grion 19033)  Mnl0-O2uey  1.9053)
Mn2-Odiop 19193)  Mnl0-Odlyy  1.907(3)
Mn2- O350 19243)  Mnl0-Od3y  1.9273)
Mn2 Ol 1.948(3)  Mnl0-Olgpoy 1.928(3)
Mn2 OS5  22573)  Mnl0-Od0pmep  2.205(3)
Mn2-NI1 2.378(4) Mn10-N10 2.394(4)
Mn5-023 i1 1.890(3) Mn7-033 i1 1.907(3)
Mn5-019 i1 1.910(3) Mn7-026 i1 1.913(3)
Mn5 02 19193)  Mn7-O28my  1.925(3)
Mn5 O21gm  19543)  Mn7-O3lgmy  1.940(3)
Mn5*018(phosp) 2212(3) Mn7*025(phosp) 2234(3)
Mn5-N8 2391(4)  Mn7-N9 2.346(4)
MI’IHOs

Mn3 OBubon  2.1273)  Mn9-039mon  2.116(4)
Mn3-Ol5cupeg  2.1463)  Mn9-O37grmey  2.131(3)
Mn3-Ollupeg  22603)  Mn9-O35emeg  2.183(3)
Mn3 9oy 2.1923)  Mn9-O42eurmen  2.260(3)
Mn3707(mo|) 2141(3) Mn9704l(mo|) 2177(3)
Mn3 O8gasey  2.1603)  Mn9 -Od0pmey  2.237(3)
Mnd-Old ey 2.1053)  MnS-O38eenny  2.111(4)
Mn4-Ol6gurneg  2.1093)  MnS-O36eumey  2.121(3)
Mn4-Ol6guneg  2.2513)  MnS-O34euney  2.242(3)
Mn4-020uneg  2.1713)  MnS-O32eumey  2.20003)
Mn4-Ol9on  2.1773)  Mn8-033 o 2.156(3)
Mnd - Ol8 oy 2.2053)  MnS8-02pmey  2.153(3)

and 025, respectively) of the phosphonates. The coordina-
tion spheres are completed by Ol, O4 and 028, 022 from
neighbouring Htea> groups.
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Figure 2. The 1D chain of units of 1 within the crystal, linked by benzoate counterions.

(i) The Mn2 and MnS5 sites on one side and Mn10 and
Mn?7 sites on the other are in a +3 oxidation state and are
six-coordinate with an NOs donor set. All these sites have
distorted octahedral coordination with typical Jahn—Teller
elongation. The basal plane of each comprises one oxygen
atom from a bridging benzoate (O10 for Mn2; O21 for
Mn35; 031 for Mn7; 043 for Mnl0), one from a tetra-
dentate Htea? (O3 for Mn2; 023 for Mn5; 026 for Mn7;
02 for Mn10) and two from a tridentate Htea®> (04, O7
for Mn2; 019, 022 for Mn5; 028, O33 for Mn7; O1, 041
for Mn10). The average bond lengths of the basal planes
are: for Mn2, 1.923; for Mn5, 1.918; for Mn7, 1.921; and
for Mn10, 1.916 A. The apical positions are occupied by
nitrogen atoms from the tridentate Htea> groups [Mn2-
N12 2.378(4), Mn5-N8 2.391(4), Mn7-N9 2.346(4), Mn10-
N10 2.394(4) A] and oxygen atoms from phosphonate li-
gands [Mn2-0O5 2.257(3), Mn5-0O18 2.212(3), Mn7-025
2.234(3), Mn10-040 2.205(3) A].

(iii) The third group contains Mn3, Mn4, Mn9 and Mn8§,
and these manganese centres are in a +2 oxidation state and
are bound to six oxygen donor atoms. Four oxygen atoms
are provided by bridging benzoates (09, O11, O13, O15 for
Mn3; O12, O14, 016, 020 for Mn4; O35, 037, 039, 042
for Mn9; 032, 034, 036, O38 for Mn8), one oxygen atom
comes from a phosphonate (O8 for Mn3; O18 for Mn4;
040 for Mn9; 029 for Mn8) and one from a tridentate che-
late Htea? (O7 for Mn3; O19 for Mn4; 041 for Mn9; 033
for Mn8). Bond lengths fall into the following ranges: for
Mn3, 2.127(3)-2.260(3) A; for Mn4, 2.105(3)-2.251(3) A;
for Mn8, 2.111(4)-2.242(3) A; and for Mn9, 2.116(4) A
-2.260(3) A.

The average Mn'"Mn'"" interatomic distances in the
structure are 3.22 A, significantly shorter than the
Mn'"-Mn" contacts, which have an average of 4.38 A.
Three potassium ions are found within the metallacrown;
all these sites are nine-coordinate; K1 lies within the plane
of the metallacrown, whereas K2 lies 0.314 A above the
plane, and K3 is 0.064 A below the plane.

The phosphonates show the 5.221 binding mode (Harris
notation!!). Four of the double deprotonated triethanol-
amines (Htea®") act as 5.2201 ligands, whereas two of them
act as 6.2211. All benzoates are in a bidentate fashion 2.11.

Eur. J. Inorg. Chem. 2010, 3097-3101
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The crystal structure also contains deprotonated benz-
oates in the lattice, which bridge the {Mn,q} cage through
three hydrogen bonds creating a 1D polymeric structure
along the ¢ axis, as shown in Figure 2. The benzoate oxygen
atoms, 045 and 046, of the lattice are involved in strong
intermolecular H-bonding; O45 H-bonds to one of the free
alcohol arms of a tridentate triethanolamine ligand
(045-+044 2.78 A) and also to the terminal tetradentate
triethanolamine (O45-+06 2.74 A). The second benzoate
oxygen atom, O46, H-bonds to a terminal tetradentate tri-
ethanolamine of the next {Mn;,} cage (046-+-027' 2.59 A),
creating a polymeric 1D structure parallel to the ¢ axis.
Furthermore, intramolecular interactions occur between
the other two free alcohol arms of tridentate triethanol-
amine ligands, O30 and O17, with terminal tetradentate
oxygen atoms on triethanolamine ligands in neighbouring
chains (026 and O3, respectively) (030--026 2.70,
01703 2.68 A). This H-bonding network allows the
{Mn,,} cage to pack in a rather efficient and compact man-
ner and is due to the flexibility of the triethanolamine li-
gand. Analogous extended H-bonding was also seen in the
previously reported [Mn;¢] wheels,”>!% where Htea?  was
used as the constructing ligand.

Magnetic Studies

The magnetic susceptibility of compound 1 was
measured in the 1.8-300 K temperature range at 1 and
10 kG external fields. yp7 (xn is the molar paramagnetic
susceptibility) decreases smoothly from 37.6 cm*mol 'K at
300 K (Figure 3) to about 17.8 cm*mol 'K at 10 K, before
dropping more rapidly to reach 8.4 cm*mol 'K at 2K in a
10 kG magnetic field or 12.7 cm*mol 'K in a 1 kG mag-
netic field. The room-temperature value is very close to the
spin-only value of 38.25 cm*mol 'K (assuming g = 2) ex-
pected for an Mn(-cage repeat unit comprising six Mn'! (S
= 5/2) and four Mn" (S = 2) ions. The decrease of yyT
upon cooling suggests dominant antiferromagnetic ex-
change, whereas the field dependence of y\7T at low tem-
peratures can be attributed to zero-field splitting and/or
Zeeman-level depopulation effects. Fitting the data with the
3099
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Curie-Weiss law [y = C/(T — 6)] in the temperature region
20-300 K affords parameters of C = 39.7 cm*mol™' K and

= -18.2 K. Given the size of the structure and hence the
matrices required for calculations, no attempt was made to
model the susceptibility data.
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Figure 3. The magnetic susceptibility (x,,) behaviour of 1; tempera-
ture plotted as the product y,,7 vs. T. Inset: magnetisation of 1
with field at 2 and 4 K.

The isothermal M versus H curves recorded at 2 and 4 K
(inset Figure 3) show a continuous increase of the magneti-
sation with increasing magnetic field, indicating a strong
anisotropy of either the material or population, at large
enough applied dc fields, of low-lying excited states with S
values larger than that of the ground state. The magneti-
sation reaches a value of 19.5 Nuy at 2 K and 70 kG, which
would suggest a ground state larger than S = 10. However,
such a large ground-state spin is not supported by the low-
temperature low-field susceptibility data, which rather indi-
cate a smaller spin value of 4 or 5. This situation is fre-
quently encountered in molecular clusters with a large per-
centage of Mn'! ions, because of the small exchange cou-
pling promoted by the Mn!! ions, which often leads to a
plethora of low-lying excited states close in energy to the
ground state.['®) At high magnetic fields, such spin states
can cross in energy below the lowest-lying spin ground state,
thus affecting the S value of the ground state.

Conclusions

By combining two tripodal ligands of different natures,
triethanolamine and phosphonates, with manganese benz-
oate, a new structural motif resulted. Complex 1 can be
regarded as a 24-membered metallacrown with 6 Mn'" and
4 Mn"" atoms accommodating three potassium ions in its
cavity. The resulting {Mn,o} cage can be prepared in higher
yield through a solvothermal procedure. Its utility as host
to three potassium ions suggests that these molecular spe-
cies may be allowed to distinguish between different guests,
and this is under investigation.

3100

www.eurjic.org

Experimental Section

General: All reagents, metal salts and ligands were used as obtained
from Aldrich. All chemicals and solvents were reagent grade.

Synthesis A: Benzoic acid (1.0 g, 8.0 mmol) in MeOH (10 mL) was
treated with KMnOy (0.1 g, 0.6 mmol) for 1 h. After 1 h, a suspen-
sion of PhPOsH, (0.1 g, 0.6 mmol) and triethanolamine (1.0 mL,
7.50 mmol) in MeCN (30 mL) was added. The solution was stirred
vigorously for 3 h and then filtered. During the reaction the solu-
tion became light brown in colour. The filtrate was concentrated
to about 15mL and left for slow concentration. Orange-brown
crystals of 1 grew from the filtrate after 2 d. Yield ca. 45% (based
on  potassium  permanganate). Ci37H 161 K5Mn (N ,046P>
(3440.42): caled. C 47.83, H 4.72, K 3.41, N 4.89; found C 47.52,
H 4.13, K 3.2, N 4.70.

Synthesis B: Complex 1 was also isolated by using a solvothermal
procedure. Benzoic acid (1.0 g, 8.0 mmol) in MeOH (10 mL) was
treated with KMnOy (0.1 g, 0.6 mmol) for 1 h to give a brown solid.
This was collected by filtration, dried and then heated in a Teflon-
lined autoclave at 150 °C for 12 h with a suspension of PhPO3;H,
(0.1 g, 0.6 mmol) and triethanolamine (1.0 mL, 7.50 mmol) in
MeCN (8 mL). After slow cooling (1 °Cmin ') to room tempera-
ture, the resulting red solution was filtered and left for slow concen-
tration. The next day, the solution turned light brown, and, after
1 d, orange-brown crystals of 1 [yield ca. 60% (based on potassium
permanganate)] grew as clarified from a single-crystal X-ray dif-
fraction study. Cy37H;6;K3sMnoN;,046P, (3440.42): calcd. C 47.83,
H 4.72, K 341, N 4.89; found C 48.02, H 4.55, K 3.2, N 4.70.
Sample purity was additionally confirmed by powder X-ray diffrac-
tion.

Structure Determination: Data were collected with an Oxford Xcali-
bur CCD diffractometer (Mo-K,, 2 = 0.71069 A). The selected
crystal was mounted on the tip of a glass pin by using Paratone-N
oil and placed in the cold flow (100 K) produced by an Oxford
Cryocooling device.'” A complete hemisphere of data was col-
lected by using w-scans (0.3°, 30 s/frame). Integrated intensities
were obtained with SAINT+,[1% and they were corrected for ab-

Table 2. Crystallographic data and refinement details for com-
pound 1.

Empirical formula
M,

Ci37H 161 K3Mn gN5046P>
3440.42

Crystal system triclinic
Space group P1

a[A] 19.5969(6)
b [A] 20.5821(5)
c[A] 22.4782(5)
a [°] 67.087(2)
1] 75.780(2)

7 [°] 66.902(3)

v [AY 7635.3(3)

T [K] 100(2)

Z 2

Crystal size [mm)] 0.30xX0.25x0.03
Pcalcd. [gcm 3] 1.496
Crystal colour and shape brown plate
Radiation Mo-K,
J[A] 0.71073
Independent reflections 25707
Reflections with 7 > 2a(1) 16789
Parameters 1919
Restraints 24

Ry, wR, R = 0.0490, WR, = 0.1309

Goodness of fit

1.027

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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sorption by using SADABS.I'8 Structure solution and refinement
were performed with the SHELX-package.'® The structure was
solved by direct methods and completed by iterative cycles of AF
syntheses and full-matrix least-squares refinement against 2. Crys-
tal data are given in Table 2. CCDC-757459 (for 1) 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.

Magnetic Measurements: Magnetic measurements were performed
on polycrystalline samples restrained in eicosane with a Quantum
Design MPMS-XL SQUID magnetometer equipped with a 7T
magnet. Data were corrected for the diamagnetism of the com-
pounds by using Pascal constants and for the diamagnetic contri-
butions of the sample holder and eicosane by measurement. Direct
current measurements were collected at temperatures between 1.8
and 300 K and applied magnetic fields of 1 and 10 kG.
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Trapped in a Complex: the 1,2,4,5-Tetrakis(tetramethylguanidino)benzene
Radical Cation (ttmgb*") with a Bisallylic Structure

Christine Trumm,#! Olaf Hiibner,!?! Elisabeth Kaifer,! and Hans-Jorg Himmel*!2!
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In this work we follow the reaction of the strong electron do-
nor 1,2,4,5-tetrakis(tetramethylguanidino)benzene (ttmgb)
with Cu'! nitrate. Three binuclear Cu"! complexes were iso-
lated as products of this reaction. Depending on the reaction
conditions, especially the molar ratio of the two reactants, the
ttmgb ligand in these complexes is neutral, mono- or dicat-
ionic. All three complexes were structurally characterized. In
addition to the experimental studies, quantum chemical cal-

culations were carried out, which, in combination with exper-
imental magnetic (SQUID) curves, especially shed light on
the magnetic superexchange. The binuclear Cu®* complex of
the ttmgb radical cation represents a three-spin system. The
SQUID magnetic data as well as the results of quantum
chemical calculations indicate strong ferromagnetic copper-
ligand coupling.

Introduction

Amino-substituted aromatic systems were shown to be
electron donor compounds (see Scheme 1 for three repre-
sentatives). The colourful salts obtained upon one-electron-
oxidation of 1,4-bis(dimethylamino)benzene (see Scheme 1)
are known already for more than 100 years,['l and oxidation
reactions of this organic electron donor are still intensively
studied.’! Staab et al. reported on the synthesis and
oxidation of 1,2,4,5-tetrakis(dimethylamino)benzenet® and
2,3,6,7-tetrakis(dimethylamino)naphthalene!® and also re-
corded EPR and ENDOR spectra for the radical cations of

both compounds.P!
Me,N NMe; MeoN NMe;
MesN : NMe; MeoN l] .l :NMez

Scheme 1. Some amino-functionalized aromatic compounds which
were shown to be electron donors.
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Guanidines are much stronger bases than amines.[‘
Therefore by replacing the amino groups by guanidino
groups one should obtain superior electron donors. Guanid-
ino groups have a further important advantage over amino
groups. Hence aromatic compounds in which a second di-
alkylamino group is located in ortho position to a first one
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are sterically crowded and barely suitable as chelating li-
gands. On the other hand, the steric situation around the
imino N atoms of guanidino groups is relatively relaxed so
that the corresponding guanidino compounds are versatile
chelating ligands. We recently reported on the synthesis and
properties of the strong electron donor ttmgb [1,2,4,5-tetra-
kis(tetramethylguanidino)benzene].[”-°! Oxidation, e.g. with
I, leads to the dication [ttmgb]*>* (see Scheme 2) under
removal of two of the aromatic m-electrons. Although this
process should involve the radical monocation [ttmgb]* as
an intermediate, we were not able to isolate or detect this
species. The CV curves display a single two-electron-oxi-
dation wave and EPR experiments with equimolar mixtures
of the neutral ttmgb and the dication [ttmgb]** gave no
evidence for the presence of the radical cation. In the fol-
lowing we reacted ttmgb with a number of electron ac-
ceptors including late-transition metal ions which were
shown to form binuclear metal complexes with the neutral
or dicationic ttmgb as bridging ligand.['”) However, the
monocation was not observed in these experiments. Herein
we report on new experiments in this direction which finally
led to the isolation of the monocation, stabilized in a binu-
clear Cuf complex.

NMe; NMe;
Me,N—C, Me,N—C, ©)
SN NMe, SN NMe;
N e, 3 AN
Me;N_ 2 T MeN 2
= -el3 \ 7
C=N C—N
Me,N’ MeoN
NS
\CI)—NMez @ Sc—NMe,
NMe; NMe;
ttmgb
Scheme 2.
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Results and Discussion

Synthesis and Structural Characterization

Reaction of ttmgb with Cu(NO3), in a 1:5.7 molar ratio
proceeded as described by the overall formula given in
Scheme 3. Elemental Cu was formed, and the single prod-
uct isolated from the solution turned out to be the salt
[{Cu(NO3),}»(ttmgb)][Cu(NO3),], 1. Its molecular structure
as derived from single-crystal X-ray diffraction is visualized
in Figure 1.'"] The C—C bond lengths within the C¢ ring as
well as the C-N distances in 1 clearly confirm oxidation of
the ttmgb ligand. Two of the C—C distances within the Cq
ring (C1-C2 and C4-C5) are with 150.5(5) and 149.8(5) pm
significantly larger than the others, which fall within the
range 137.3(5)-139.9(5) pm (see Table S1 in the Supporting
Information for a list of structural parameters). For com-
parison, the corresponding distances in ttmgb vary only be-
tween 139.8-140.9 pm.["! The bond lengths from the C
atoms of the Cg4 ring to the guanidino N atoms amount to
131.3-135.6 pm in 1. The imino C=N double bond lengths
increase from 128.8/129.1 pm in ttmgb [ to 138.5(4)-
141.2(5) pm in 1. These changes argue for significant delo-
calization of the two positive charges. The Cu-O distances
cover the range 197.2(3)-199.7(3) pm. The Cu'! ion of the
[Cu(NO3),J> anion is square-planar coordinated, and the
shortest distance Cu-+O to one of the nitrate units in the
dicationic unit measures 357.8(3) pm.

In subsequent experiments the reaction conditions were
slightly changed (see Exp. Sect.), and as a consequence an-
other product was obtained. A few crystals of this product
were grown from CH3CN and turned out to consist of the
neutral binuclear Cu' complex [{(NO3),Cu},(ttmgb)], 2.[1
It could be assumed that 2 represents the first intermediate
in the course of the redox reaction between the Cu'! ions
and the ttmgb electron donor. Because of the intermediate
character of 2 we were unfortunately not able to obtain 2 in
larger amounts. The compound is not a thermodynamically
stable product of the reaction in solution, but is stabilized
through precipitation. When crystals of 2 were dissolved in
CH;CN or acetone, decomposition was observed (for in-
stance by IR spectroscopy), in the course of which 1 is
formed. Nevertheless, some details of the molecular struc-
ture of 2 should be discussed briefly (see Figure 2 for an
illustration of its molecular structure). First, the C—C bond
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Figure 1. Illustration of the molecular structure of 1. Thermal ellip-
soids are drawn at the 50% probability level.

Figure 2. Molecular structure of 2. Thermal ellipsoids are drawn
at the 50% probability level.
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lengths within the Cy ring are within the range 138.9(4)—
140.4(4) pm, indicating an intact aromatic system (see also
Table S2 in the Supporting Information). The average Cu—
N distance is shorter in 2 (196.6 pm) than in 1 (197.3 pm).
This can be explained by the better donor capacity of neu-
tral ttmgb (as present in 2) compared with [ttmgb]>* (as
present in 1). The imino N=C bond lengths (N1-C4 and
N4-C9) within the ttmgb unit in 2 (133.3(3) and 134.6(3)
pm) are relatively short.

Thus the experiments led to the isolation of what might
be the first (and thermodynamically highly unstable) inter-
mediate of the redox-process, namely complex 2 with a still
neutral ttmgb unit, and also the final end-product, complex
1 with a dicationic ttmgb unit, but not of the likely interme-
diate species featuring the radical cation of ttmgb. In a next
series of experiments we lowered systematically the metal/
ligand ratio. When the reaction was carried out with
2.8 equiv. of the Cu'! salt, a new product was obtained and
the glass vessel got coated with a thin layer of elemental
Cu. The new product was crystallized from acetone solu-
tions and turned out to be the salt [{(NO;3),Cu},(ttmgb)]*-
NO;, 3 (see Scheme 4 and Figure 3).I''] Complex 3 features
finally the long sought-after radical cation ttmgb™", trapped
in a binuclear Cu' complex. In agreement with a bisallyl-
type structure, two of the C—C distances in the Cg¢ ring (C1-
C2 and C4-C5) are elongated (to 145.6 pm) with respect to
neutral ttmgb, while the four other distances are signifi-
cantly shorter (139.2-139.8 pm). A list of structural param-
eters is provided in the Supporting Information (Table S3,
see also Table S4 and Figure S1 for a structural comparison
of compounds 1, 2 and 3). The bisallyl form in this deriva-
tive of the CgHg*" cation is stabilized over the quinoid form
by the presence of the four guanidino groups. The parent
radical cation C4Hg"" was the subject of intense research
work, both experimentally in the gas-phase and inert-gas
matrices ' as well as theoretically.!'3! Due to the Jahn—
Teller effect, the structure should deviate from Dg;, sym-
metry. However, this effect can lead to either a quinoid or
a bisallyl (anti-quinoid) structure, with elongation of either
four or two bonds, respectively. The energy difference be-
tween both forms is extremely small. Very recently, Seppelt
et al. succeeded in the isolation and structural characteriza-
tion through X-ray diffraction of Cy4F¢*"'Sb,F;;~ and

MezN\ /NM62 MegN\ /NMe2
C C
\ /]
N N
+5 Cu(NO3),
2 —_— 2
-Cu
N N
J \
Me,N~ N\ 7/~ “NMe,
NMez MezN
ttmgb
Scheme 4.
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CeFgtOs,F,,~.['4 Interestingly, the solid state of these salts
features the radical cation in both the quinoid and the bisal-
lyl (or anti-quinoid) isomeric forms.

Figure 3. Molecular structure of 3. Thermal ellipsoids are drawn
at the 50% probability level.

Molecular Magnetism

The xT vs. T plot as derived from the SQUID magnetic
data recorded for complex 1 is displayed in Figure 4. The
form of the curve immediately argues for weak antiferro-
magnetic coupling. The y7 — T curve can be fitted with
Equation (1) (in which TIP represents the temperature-in-
dependent paramagnetism, and g;, and gz are the g values
for the cationic and anionic part, respectively). With values

\C/NMez MesoN

(NO3)2Cu Cu(NOs)2 | NO3

o}
/" NMe,

C
MeoN~ N\
MeyN
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of 2.0 and 2.1 for g, and g3, the fit returned J/k = -19.7 K,

= -0.53 K and TIP = 0.9 memu mol '.['* The two Cu!!
centers in the complex dication of 1 are thus weakly antifer-
romagnetically coupled. For 1 in its electronic ground state
S equals 1/2 (due to the presence of the [Cu(NO;)4]*
anion).

N, up 28} 2
iy, T i +& e (1)
4

T T T T T T
50 100 150 200 250 300
TIK —=

Figure 4. yT vs. T plots as derived from SQUID magnetic measure-
ments for 1 (at 500 Oe) and for 3 (at 1000 Oe). The solid line results
from a curve fit (see text).

Complex 3 is an example of a three-spin system with two
spins residing on the metal atoms and one spin on the
ttmgb unit. Hybrid systems with stable radical cations were
synthesized previously, e.g. with nitroxides '®! or verdazyl
derivatives,!'”! and trinuclear Cu'' complexes have also been
studied.['81 The T — T plot based on the SQUID data is
shown in Figure 4. With decreasing temperature, the y7T
value passes a maximum of 1.71 Kecm?®mol™! at ca. 40 K.
This behaviour is characteristic for ferromagnetic coupling.
The system with three spins localized at different centers in
principle is characterized by three coupling constants. But
because of the symmetry, the coupling between the central
ligand and each of the Cu centers should be equal. There-
fore, the system was described by two constants, J (coupling
between ligand and Cu) and J' (coupling between the Cu
centers), and the spin Hamiltonian H was formulated ac-
cording to Equation (2). The dependence of y7T from the
temperature 7 is then given by Equation (3) (in which the
parameters @ and TIP were added). The fit was ac-
complished with g, and gg values fixed at a value of 1.98.
With @ = 1.8 K and TIP = 0.87 memu mol !, we obtained
JIk = +159 K and J'/k = -30 K. These values can only be
considered as rough estimates. The analysis clearly confirms
the presence of considerable ferromagnetic coupling be-
tween the electrons of the Cu'' and the radical ligand unit
and weak antiferromagnetic coupling between the electrons
on the Cu'! ions.
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Quantum Chemical Calculations

First we carried out quantum chemical calculations
[B3LYP/SV(P)] on the free ttmgb™ radical cation. As in 3,
a bisallyl-type structure resulted with bond lengths of
140.7 pm for C2-C3, C3-C4, CI-C6 and C5-C6 and of
146.8 pm for C1-C2 and C4-CS5. These values are very
close to the experimentally determined ones for 3. The dis-
tances C1-N1, C2-N4, C4-N7 and C5-N10 were calcu-
lated to be 135.7 pm, in pleasing agreement to the experi-
mental values of 136.4(2)-137.5(2) pm in 3. On the other
hand, as anticipated, coordination of the Cu'" ions changes
the C=N double bond lengths [experimental values in the
range 136.7(2)-137.7(2) pm in 3, but calculated value of
130.7 pm in free ttmgb*"]. Parta a and b of Figure 5 display

X)) —

J-J*
\4 ¥/
WS U O
IO/ — \:’."‘o 0%
e A
N }\
J+J

2,.,%0
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" d—— °§f1 [

O
%
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Figure 5. a) Isodensity plot of the SOMO orbitals, and b) spin den-
sity in the free ttmgb*" radical cation (from B3LYP/SV(P) calcula-
tions). ¢) Spin densities of the different broken-symmetry states and
the high-spin state of 3, as well as the energy levels of the associated
states of the Ising Hamiltonian. The broken-symmetry states are
not eigenfunctions of the S operator but only of the S, operator.
To indicate this, the multiplicity of the term symbol is given in
parentheses.
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isodensity plots of the SOMO orbital and the spin density
of the free ttmgb*" radical cation. It resembles one of the
degenerate HOMO orbitals of benzene, the only difference
being that some electron density is also located on the
imino N atoms of the guanidino groups.

To complete the investigation, quantum chemical calcu-
lations based on density functional theory were performed
for the complex in its three charge states: [{Cu(NOs),},-
(ttmgb)]”*?*. The lowest state of [{Cu(NOs),},(ttmgb)]**
is the broken symmetry state (where the spins of the two
centers point to opposite directions). But the high-spin A
term is calculated to be higher in energy by only
0.13 kImol™!. This transforms into a value for the spin cou-
pling constant J/k = -152K (H = -2 J S;S,) that is in
pleasing agreement with the value derived from the SQUID
measurements for 1 (see above). The structures of both
terms are virtually identical. For two of the bonds of the
aromatic ring (the C1-C2 and the C4-C5 bond) the con-
siderably longer value for the distance of 151.7 pm is found,
whereas the remaining distances amount to twice 139.8 and
twice 141.2 pm, in agreement with the crystal structure that
features the two values of 150.5 pm and 149.8 pm and four
values between 137.3 and 139.9 pm. For the four C=N
imino bonds the values are twice 138.5 and twice 139.5 pm,
also matching very well the crystal structure results between
138.5 and 141.2 pm. Hence, the calculations corroborate the
experimental results.

Also for the neutral species, the lowest state is the broken
symmetry state, and the 3A term exhibits an energy higher
by only 0.11 kJmol™'. Both states have virtually identical
structures. The splitting corresponds to a value of J/k =
—13.6 K. As for the neutral, the structure optimized by DF
calculations is in close agreement with the experimental
data for 2. The values for C-C bond lengths of the benzene
ring amount to twice 141.9 pm and four times 140.4 pm,
close to the observed results between 138.9 and 140.4, and
the imino bond lengths have values of 133.2 pm, close to
the experimental results of 133.3 and 134.6 pm.

For the singly charged species (monocation of 3), the
lowest-lying term in energy is calculated to be the high-spin
4A term. Broken symmetry terms with an inverted spin
either at one of the Cu centers or at the bridging ligand are
found to lie 1.52 and 3.25 kJmol ! higher, respectively (see
Figure 5, ¢). As for the neutral and doubly charged systems,
the structures of the different terms are very similar. For
the “A ground term, the structure has two longer C-C dis-
tances of 146.2 pm and four shorter C—C distances of twice
140.0 and twice 140.7 pm, a result again in close agreement
with the crystal structure values of 3 (145.6 pm and 139.2—
139.8 pm). The same applies to the imino bond lengths cal-
culated to 135.5 pm, a value between the results for the neu-
tral and the dication. Values for the coupling constants have
been determined for the structure optimized by the B3LYP
calculations. For the optimized structure of the *A term,
the calculation yields values for J/k and J'/k of 201.1 K and
—11.4 K. Hence, the splitting in energy of the lowest states
of [{Cu(NOs),},(ttmgb)]* is dominated by the “ferromag-
netic” coupling of the adjacent spins, whereas the coupling
3106
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between the spins of the Cu centers has the same small
magnitude as within the neutral or doubly ionized system.
This leads to the energetic order shown in part ¢ of Fig-
ure 5. The calculations are in reasonable agreement with the
results of the magnetic curve analysis.

Conclusions

This work deals with redox chemistry of the organic elec-
tron donor 1,2,4,5-tetrakis(tetramethylguanidino)benzene.
We show for the first time that not only products of two-
but also of one-electron oxidation of this molecule can be
isolated. The radical cation can be trapped in a binuclear
Cu'! complex, which represents a three-spin system. The re-
sults of an analysis of the magnetic SQUID data as well as
quantum chemical calculations indicate strong ferromag-
netic copper-ligand coupling in this complex. In ongoing
work we seek to shed more light on the mechanisms of this
and similar redox processes of GFAs (guanidino-function-
alized aromatic compounds). Matrix isolation experiments
are planned to obtain reactive intermediates of model redox
reactions. Experiments are also under way to use complex
3 as transfer reagent for the ttmgb* radical cation, which
presumably cannot be synthesized without protection by
complexation. Finally, we currently explore the possibility
of using these complexes as building blocks for magnetic
spin-coupled materials.

Experimental Section

General: All synthetic work was carried out using standard Schlenk
techniques. The synthesis of the ttmgb ligand was carried out as
described previously.l”! IR spectra were recorded with a Bruker Ver-
tex 80v spectrometer. A Perkin—Elmer Lambda 19 spectrometer
was used to record UV/Vis spectra.

[{Cu(NO3),},(ttmgb)][Cu(NO3)4] (1). Route A: To a solution of
ttmgb (252.3 mg, 475.4 pmol) in 250 mL of acetone Cu(NOj3),
3H,O (512.3mg, 2731.5 umol) was added. The purple reaction
mixture was stirred for 1 h at 40 °C and subsequently allowed to
cool down to room temp. Dark crystals of 1 were obtained in about
12 h; yield 398.5 mg (69 % with respect to the ttmgb).

Route B: Cu(NO3),:3H,0 (55 mg, 293.3 pmol), dissolved in 5 mL
acetone, was added to a suspension of ttmgb (25 mg, 47.1 pmol) in
S mL of acetone. The purple reaction mixture was stirred for 5 min.
A dark precipitate appeared. The solution was filtered and the fil-
trate condensed to a volume of 2 mL. After 2 d dark crystals of 1
were obtained. The product was washed with acetone.
Co6Hs50Cu3N500y4 (1217.43): caled. C 25.65, H 4.14, N 23.01, Cu
15.66, O 31.54; found C 26.13, H 4.46, N 21.87. IR (CsI): ¥ = 2934
(w), 1616 (m), 1495 (s), 1361 (vs), 1311 (vs), 1172 (w), 1011 (m),
833 (m), 746 (w), 593 (m)em~'. UV/Vis (CH;CN, ¢ = 2.244 X
105 mol LY Apax () = 209 (113592), 276 (22873), 406 (26944).
MS (FAB): m/z (%): 655 (24) [Cuy(ttmgb)], 593 (20) [Cu(ttmgb)],
532 (100) [(ttmgb)H]*, 531 (51) [ttmgb], 487 (28) [[(ttmgb)H]" —
HN(CHs),], 460 (60) [C,sHpsCu,Ng], 442 (19) [(ttmgb)H* —
2 HN(CHs;),], 417 (60) [[(ttmgb)]H" — (N(CHs;),)CN]. Crystal
data for 1:-Me,CO: CyoHs56CuzN,0Os5, Mr = 1275.56,
0.40 % 0.30 X 0.30 mm?, orthorhombic, space group P2(1)2(1)2(1),
a = 13.493(3), b = 17.638(4), ¢ = 21.297(4) A, V = 5068.5(18) A3,
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Z =4, d. = 1.672 Mgm 3, Mo-K, radiation (graphite-monochro-
mated, 2 = 0.71073 A), T=200 K, Orange 1.50 to 30.08°. Reflections
measured: 83419, independent: 14844, R;,. = 0.0888. Final R in-
dices [I>20(D)]: Ry = 0.0497, wR, = 0.1105.

[{Cu(NO3),},(ttmgb)] (2): A solution of ttmgb (7.9 mg, 14.9 pmol)
in 2mL of acetonitrile was prepared, then Cu(NOj),3H,O
(14.7 mg, 78.4 umol) was added. The colour of the solution turned
to deep green, after 1 d a deep-green precipitate had formed. This
precipitate was dissolved in 10 mL of acetonitrile leading to a pur-
ple solution. Dark crystals of 2 appeared after removal of half of
the solvent in vacuo. 4.0 mg of product (30%) was obtained, a suf-
ficient amount of substance to record IR and UV/Vis spectra and
to analyse the structure by X-ray diffraction; the crystallisation pre-
cedure could not be reproduced. IR (Csl): ¥ = 2932 (w), 1616 (m),
1568 (m), 1519 (s), 1397 (vs), 1361 (vs), 1315 (s), 1288 (s), 1180 (w),
1026 (w), 897 (w), 812 (w) cm™'. UV/Vis (CH;CN, ¢ =
1.34 X 103 mol L™Y): Jpax (6) = 210 (119797), 280 (24482), 426
(32060). Crystal data for 2: C,sHs5qCu,NO15, Mr = 905.87,
0.25%0.18 X 0.15 mm?, orthorhombic, space group Pbhca, a =
15.355(3), b = 13.210(3), ¢ = 19.852(4) A, V = 4026.8(15) A3, Z =
4, doeq. = 1.494 Mgm3, Mo-K, radiation (graphite-monochro-
mated, 2 = 0.71073 A), T=200 K, Orange 2.05 to 30.10°. Reflections
measured: 11806, independent: 5901, R;, = 0.0593. Final R indices
[I>2c(D]: R, = 0.0484, wR, = 0.1543.

[{Cu(NO3),}(ttmgh)[(NO3) (3): First 24.0 mg (45.2 umol) ttmgb
are dissolved in 25mL acetone. Then 23.8mg (126.9 pmol)
Cu(NO»),"3H,0 are added. The purple reaction mixture is stirred
for a period of 1 h at 40 °C and subsequently slowly cooled down
to room temp. Dark crystals of 3 are formed overnight; yield
123 mg (28% with respect to the ttmgb). CysHsoCu,Ni;,0;5
(967.87)*Me,CO-H,0: caled. C 33.36, H 5.56, Cu 12.17, N 22.81,
0O 26.05; found C 33.66, H 5.56, N 22.35. IR (Csl): ¥ = 2964 (w),
1608 (m), 1567 (m), 1520 (s), 1476 (s), 1400 (vs), 1283 (vs), 1262
(vs), 1097 (vs), 1019 (vs), 855 (w), 803 (vs), 702 (w) cm!. UV/
Vis (CH3CN, ¢ = 1.32 X 10" molL™"): A« (¢) = 211 (70632), 276
(13417), 416 (14748). MS (FAB): m/z (%): 906 (6) [(Cu(NO3),),-
(ttmgb)]*, 655 (27) [Cux(ttmgb) — H]*, 530 (49) [ttmgb]*, 461 (62)
[Ci6HoCusNg]*.  Crystal data for  3-2Me,CO-0.25H,0,
C3:HgoCuoN 701755, Mr = 1088.07, 0.500.30 X 0.30 mm?,
monoclinic, space group P2,/c, a = 22.966(5), b = 10.171(2), ¢ =
23.201(5) A, = 115.96(3)°, V = 4872.6(17) A3, Z = 4, d.peq. =
1.483 Mgm3, Mo-K, radiation (graphite-monochromated, i =
0.71073 A), T =200 K, Orange 1.76 to 30.04°. Reflections measured:
27841, independent: 14261, Ry, = 0.0310. Final R indices
[I>2c(D]: R, = 0.0421, wR, = 0.1215.

Details of the X-ray Crystallographic Studies: Suitable crystals were
taken directly out of the mother liquor, immersed in perfluorinated
polyether oil, and fixed on top of a glass capillary. Measurements
were made on a Nonius-Kappa CCD diffractometer with low-tem-
perature unit using graphite-monochromated Mo-K, radiation.
The temperature was set to 100 K. The data collected were pro-
cessed using the standard Nonius software.!'”1 All calculations were
performed using the SHELXT-PLUS software package. Structures
were solved by direct methods with the SHELXS-97 program and
refined with the SHELXL-97 program.?>-2!l Graphical handling of
the structural data during solution and refinement was performed
with XPMA.??l Atomic coordinates and anisotropic thermal pa-
rameters of non-hydrogen atoms were refined by full-matrix least-
squares calculations.

Details of the Quantum Chemical Calculations: Density-functional
calculations were performed with the program package TURBO-
MOLE 3 using the B3LYP functional >l in combination with the
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def2-SV(P) basis set.[*>) For the numerical integration grid “m4”
was used. SCF energies were converged to 1X 107 Hartree. The
molecular structures were optimized, converging the maximum gra-
dient to 1 10+ Hartree/Bohr. The neutral and the doubly posi-
tively charged complexes are characterized by two unpaired elec-
trons, residing on the two Cu centers. Due to the Heisenberg spin
coupling they give rise to two low-lying terms. The energy splitting
of these terms is calculated within the broken symmetry framework
according to the work of Noodleman.®! The singly charged com-
plex possesses three unpaired electrons that are localized at the two
Cu centers and the aromatic system of the ttmgb ligand. Again,
the spin coupling between the electrons leads to different low-lying
terms. The broken symmetry solutions for the complex are approxi-
mately eigenstates of an Ising Hamiltonian. Therefore, estimates of
the spin coupling constants can be obtained by simply equating the
broken symmetry solutions with the Ising eigenstates. We follow in
this respect the work of Fliegl et al.l*”]

Supporting Information (see also the footnote on the first page of
this article): Tables with selected structural parameters for 1, 2 and
3 (Tables S1-S3), comparison between some structural parameters
of the three molecules (Table S4), overlap of the three molecules to
illustrate the changes in the guanidino group conformation (Figure
S1).
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Synthesis, Crystal Structure, DNA Binding, and Hydrolytic Cleavage Activity
of a Manganese(II) Complex
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A new trinuclear manganese(Il) complex {[MnCl(bpma)],-
[Mn(p-Cl)4(H20),]}+CH3CN (1) [bpma = N,N-bis(2-pyr-
idylmethyl)methylamine| has been synthesized and structur-
ally characterized by X-ray crystallography. The variable
temperature-dependent susceptibility measurement (2—
300 K) of 1 reveals a weak antiferromagnetic interaction be-
tween the manganese ions through the dichlorido bridging
ligands, with J = -0.46 cm™, g = 1.99. The electrospray ion-
ization mass spectrum of 1 in solution indicates that the dinu-

clear [Mn,(bpma),Cl,(H,O)(OH)]* ion is the active species.
In the absence of a reducing agent, supercoiled plasmid
DNA cleavage by the active species was performed and its
hydrolytic mechanism was demonstrated with radical scav-
engers, anaerobic reaction, and T4 ligase. The pseudo-
Michaelis—Menten kinetic parameters (k..;., Kn) were calcu-
lated to be 1.11 h™! and 6.65X 10 M for the dinuclear spe-
cies.

Introduction

Metal-based artificial nucleases are of current interest in
nucleic acid chemistry for their diverse applications like
footprinting and sequence-specific binding to nucleic acids,
and as new structural probes and therapeutic agents.!"1%
Chemical nucleases present some advantages over conven-
tional enzymatic nucleases in that they are smaller in size
and thus can reach more sterically hindered regions of a
macromolecule. Many of these utilize the redox properties
of the metal and dioxygen to produce reactive oxygen spe-
cies that oxidize DNA, thereby yielding direct strand scis-
sion or base modification.''l Hydrolytic degradation of
DNA by nuclease enzymes is an important biological reac-
tion in which metal ions play a central role in mediating
such cleavage pathways.['?! Nucleic acid cleavage in a redox
manner will permit the manipulation of gene expression
and the development of gene therapies. Additionally, the
biomimetic hydrolysis of nucleic acids is of increasing im-
portance in biotechnology and medicine.['?]

In the past few years we have undertaken studies that
involve the preparation and structural characterization of
transition-metal binuclear/polynuclear complexes.['*!] Re-
cently we have begun to explore the nuclease activity of
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binuclear/polynuclear complexes.['6~181 In an attempt to ob-
tain more insight into the selectivity and efficiency of DNA
recognized and cleaved by different complexes, herein we
have synthesized and characterized a dichlorido-bridged
trinuclear manganese(II) complex of the bpma ligand,
namely, {[MnCl(bpma)],[Mn(pu-Cl)4(H,0),]}-CH3CN (1)
(Scheme 1). A detailed study of the magnetic properties was
also carried out. Variable-temperature magnetic suscep-
tibility studies (2-300 K) showed the existence of antiferro-
magnetic coupling between the manganese(II) ions in com-
plex 1. The electrospray ionization mass spectrum of 1 in
solution indicates that the dinuclear [Mn,(bpma),-
Cl,(H,O)(OH)]" ion is the active species. In addition, we
have examined the DNA binding ability of the dinuclear
ion by using UV absorption, fluorescent spectroscopy
methods, and a DNA cleavage study performed using an
agarose gel assay to indicate the ability of the dinuclear
complex ion to cleave plasmid supercoiled circular pBR322
DNA (SC) into its nicked circular (NC) form as well as
linear (L) form without addition of external oxidative and/
or reductive agents. This revealed that the mechanism of
DNA cleavage of the dinuclear ion is a hydrolytic pathway.

bpma

Scheme 1. Structure of ligand (bpma).

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

J.-L. Tian, S.-P. Yan et al.

Results and Discussion

Crystal Structure of 1

The structure of 1 was characterized by single-crystal X-
ray crystallography. Its crystal structure consists of a trinu-
clear {[MnCl(bpma)],[Mn(u-Cl)4(H,0),]}-CH3;CN mole-
cule and CH;CN molecules. In each trinuclear cluster, there
are two crystallographically distinct Mn atoms, and the
three Mn'! atoms are in a linear form linked by four CI-
atoms with Mn1-+Mn2 distances of 3.663 A and with two
bpma ligands as terminal ligands. The central metal center
(Mn2) is located on a crystallographic inversion center and
thus the trinuclear cluster adopts a linear structure. Fig-
ure 1 shows the trinuclear entity of complex 1 with the
atomic numbering scheme. Selected bond lengths and
angles are listed in Table 1.

<«

Figure 1. The molecular structure of 1 showing the atom-labeling
scheme adopted. Hydrogen atoms and CH;CN are omitted for
clarity.

Table 1. Selected bond lengths and angles of 1.
Bond lengths [A]

Mnl-Nl1 2.344(2) Mnl-Cll 2.463(8)
Mnl-N2 2.238(2) Mnl-CI2 2.550(8)
Mnl-N3 2.300(2) Mnl-CI3 2.583(8)
Mn2-O1 2.211(19)  Mn2-CI3 2.511(7)
Mn2-CI12 2.5687(7)  Mnl-Mn2 3.663(5)
Bond angles [°]
N2-Mnl1-N3 100.48(7) N2-Mnl-N1 73.96(7)
N3-Mnl1-N1 72.18(8) N2-Mnl1-Cll 92.55(6)
N3-Mnl-Cll 94.19(6) NI1-Mnl1-Cll 158.20(6)
N2-Mn1-CI2 163.71(6) N3-Mnl-CI2 88.26(5)
N1-Mnl-CI2 96.06(5) Cl1-Mn1-CI2 100.55(3)
N2-Mnl1-CI3 85.06(6) N3-Mnl-CI3 167.28(6)
N1-Mnl1-Cl13 98.75(6) CI1-Mnl-CI3 97.01(3)
CI2-Mn1-C13 83.79(2) O1-Mn2-CI2 93.31(6)
O1-Mn2-Cl3 90.30(6) Mn2-Cl13-Mn1 91.94(2)
CI13-Mn2-CI2 84.87(2) Mn1-CI2-Mn2 91.39(2)

The central and terminal manganese(IT) ions (Mnl and
MnlA) are nonequivalent. The central Mn2 ion has a dis-
torted octahedral geometry with the MnO,Cl; chromo-
phore. The basal plane is defined by the four bridging chlo-
ride ions (CI2, Cl3, CI2A, and CI3A). The apical position
is occupied by two coordinated H,O molecules (Ol and
O1A). The Cl12, CI2A, CI3, CI3A, and Mn2 ions are strictly
coplanar; the bond angles of C12-Mn2-Cl13 and CI2-Mn2-
3110
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CI3A are 84.87 and 95.13°, respectively. The two bridging
bond lengths of Mn2-CI2 and Mn2-CI3 are slightly dif-
ferent (2.569/2.511 A).

Two terminal manganese atoms, Mnl and MnlA, are
equivalent due to the inversion center passing through the
central Mn2 atom. Mn1(MnlA) has a distorted octahedral
geometry with N,Cl, defining the basal plane and NCI (N3
and CI3) occupying the apical positions. The adjacent man-
ganese centers are bridged by two chloride ions that lead to
an Mn,Cl, diamond core [Mnl-CI2-Mn2 = 91.39(2)°,
Mnl-CI3-Mn2 = 91.94(2)°], and the bond lengths of Mn1-
CI2 and Mnl-CI3 are slightly different (2.550/2.583 A),
both of which are longer than the terminal Mn1-Cl1 bond
length (2.463 A). All these structural features are similar
to those of other structurally characterized Mn"™n'" di-
p-chlorido complexes.[') The Mn1+-Mn2 distance in 1 is
3.663 A, which is longer than the distance (3.56 A) ob-
served in the trinuclear complex [LMn(p-Cl),Mn(thf),(u-
Cl),MnL] [L = HC(CMeNAr),, Ar = 2,6-iPr,C¢H;]?% and
also slightly longer than the distance (3.636 A) in the
[Mn;(bdt),Cly(def)¢] (bdt> = 1,4-benzeneditetrazolate; def
= N,N-diethylformamide).l?!!

Magnetic Properties of 1

The magnetic properties of 1, in the form of an yu7T
versus T plot, are shown in Figure 2. At room temperature
amT is equal to 12.78 cm?*mol ' K, which is slightly lower
than the spin-only value of 13.12 cm®*mol ' K, a value that
corresponds to that expected for a three-spin isolated S =
5/2 ground-state system with a g value of around 2.0. As
the temperature is lowered, y\7 decreases gradually down
to 4.08 cm®*mol 'K at 1.8 K, indicative of the presence
of antiferromagnetic coupling between Mn'! ions through
the chloride routes. From 80-300 K, the magnetic data can
be better fitted to a Curie-Weiss law with C =
13.1 cm®mol 'K and 6 = —5.84 K, which also indicated a
weak antiferromagnetic interaction between the three Mn'!
ions in 1. Taking into account the structure of the isolated
and linear Mn'" trimer units in 1, and assuming that the
exchange coupling within the cluster is isotropic and that
there is no interaction between the two terminal Mn!! ions,
the Heisenberg Hamiltonian for the trimer system can be
written as: H = —J($,S, + S,S;). By application of Van
Vleck’s equation,?? a theoretical expression for the molar
susceptibility (yn) may be derived as follows:

Ng*B*( 3R
Xu =
3T | 4F,

where Fl - 680627'5X + 455(620x + e25x) + 286(613.5x + elS.Sx
+ 622.5:() + 165(68:( + el3x + e17.\‘ + eZOx) + 84(63.5,\‘ + eS.Sx +
elZ.Sx + elS.Sx + e17.5x) + 35(615){ + eSx + e9x + ele + e14,‘()
+ 10(e2A5x + eGASX + e‘)ASx + elLSx) + (e5x + egx) + 35; F2 -
8627.5)6 + 7(62036 + ezsx) + 6(e13.5x + e13A5x + e22.5x) + S(e&\’ +
e13x + e17x + eZOx) + 4(63.5): + e8.5x + elZ.Sx + e15.5x + el7.5x)
+ 3(615)( + eSx + e9x + el2x + el4x) + 2(62.5)C + eG.Sx + e9.5x
+ el + (e + e8%) + 3; and x = JI(KT).

Eur. J. Inorg. Chem. 2010, 3109-3116
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Figure 2. Plots of yy (open circle) and y\ 7 (open triangle) versus
T for 1. The solid lines are theoretical fits.

Least-squares fitting of the experimental results led to
the best-fit parameters of J = —0.46cm™!, ¢ = 1.99. An
agreement factor defined as R = Z(Yobsd. — Xealed)/ZX obsd.
was 2.84 X 1073, The negative J value indicates antiferro-
magnetic coupling between the Mn!! ions, which is consis-
tent with some similar linear Mn"' trimers.*?!

Solution Properties of 1

Complex 1 exhibits a good solubility in 5% C,HsOH
aqueous solution [5 mm tris(hydroxymethyl)aminomethane
(Tris)-HCI/NaCl buffer, pH 7.2], which facilitates investiga-
tion of its behavior in aqueous solutions. The species distri-
bution of 1 in aqueous solution was measured by the ESI-
MS method. The electrospray ionization mass spectrum in
positive mode (ESI*) gives three peaks at m/z = 643.032
[Mn,(bpma),Cl3]*, 665.099 {[Mn,(bpma),Cl,(OH)(H,0)]
+ 0.5 C,HsOH} ™, 689.143 {[Mn,(bpma),Cl;] + C,HsOH}*
(Figure S1 in the Supporting Information), which is derived
from the trinuclear complex; which is to say, the trinuclear
manganese compound dissolved to form binuclear manga-
nese species in solution.

DNA Binding Properties

DNA binding is a critical step for subsequent cleavage.
Therefore, prior to investigation of the nuclease activities of
this complex, the binding properties of the binuclear man-
ganese species with DNA were examined using various
techniques.

UV Titration

The binuclear manganese species were titrated with vary-
ing concentrations of calf thymus (CT)-DNA and the
change in the absorption spectral profile of it at different
concentrations of DNA is shown in Figure 3. Upon ad-
dition of an increasing amount CT-DNA to the 5%
C,HsOH aqueous solution of 1 (pH 7.2), a 52.3% hypo-
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chromism and slight redshift (6 nm) could be detected in
the UV spectra by monitoring the change in the absorption
intensity of the spectral band at 266 nm (n—n* transition
band).”*! Although this is not definitive proof, hypochro-
mism and redshifts observed for other complexes in the
presence of CT-DNA are often taken as a sign of an inter-
calative binding mode in which stacking interactions be-
tween the aromatic chromophore of the complex and the
base pairs of DNA modulate the absorption characteristics
of the metal complexes.”> 281 The value of the intrinsic
binding constants (K, = 1.37 X 10%) for the binuclear ion
was determined by regression analysis.**) The value ob-
tained is lower by around 100 times than those reported for
typical classical intercalators [e.g., ethidium bromide (EB)-
DNA, ca. 106 M '],B%311 about an order lower than those
of the affinities of intercalators that contain similar planar
ligands.?>-28] The lower Kj, value observed for the present
complex implies that it does not intercalate very strongly or
deeply between the DNA base pairs. So we propose that
the lower redshifts observed in the UV spectra are due to
the partial intercalation of the pyridyl ring.

2.5+

Absorption

300
Wavelength / nm

250

Figure 3. Absorption spectrum of binuclear complex (6.3 X 1075 m)
in the absence (dashed line) and presence (solid line) with increas-
ing amounts of CT-DNA (0-3.81 X 10 % M) at room temperature in
5 mM Tris-HCI/NaCl buffer (pH 7.2).

Fluorescence Spectral Studies

As the binuclear manganese complexes are nonemissive,
a relative binding study with EB-CT-DNA was carried out
with a view to exploring the binding mode. EB emits intense
fluorescent light in the presence of DNA due to its strong
intercalation between the adjacent DNA base pairs, and the
enhanced fluorescence could be quenched by the addition
of another molecule.?? Such a binding result suggests that
the complex displaces DNA-bound EB and binds to DNA
at the intercalation sites with almost the same affinity. The
relative binding propensity of the binuclear manganese
complex to CT-DNA was determined from the comparison
of the slopes of the lines in the fluorescence intensity versus
complex concentration plots.l*3 Figure 4 shows the plot of
Iy/1, in which I, and I represent the fluorescence intensities
in the absence and presence of the complex, respectively,
3111
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versus the concentration of the complex. The apparent
binding constant (K,,,) was calculated from the equation
Kgg[EB] = K, [complex], in which the complex concentra-
tion was the value at a 50% reduction of the fluorescence
intensity of EB and Kgg = 1.0 X107 Mm! ([EB] = 4.0 um).
The binding constant of the classical intercalator and
metallointercalator was along the order of 107 M '.[34 The
apparent binding constant (K,p,) value for the binuclear
manganese species is 4.3 X 10* M1, thus indicating that the
interaction of it with DNA is a moderate intercalative
mode. The value obtained suggests that the EB molecule is
replaced by the binuclear manganese species, which is con-
sistent with the above spectral results that suggest partial
intercalation of the pyridyl ring in the ligand, which facili-
tates DNA binding.

1.84
84
-~ 1.6
£ Y
F \ -
“ . ! < 1.4
- oo 08
5 6
< 124
2
vl
=} 1.0
£ 44 . . - - -
= 0.0 0.2 0.4 0.6 0.8

[complex] / mmol

650 700 750 800

Wavelength / nm

550 600

Figure 4. Fluorescence emission spectra of the EB-CT-DNA sys-
tem in the absence (dashed line) and presence (solid lines) of binu-
clear complex (0-3 X 103 m). Inset: the plot of I/l versus the com-
plex concentration.

DNA Cleavage by the Binuclear Complexes

The ability of the binuclear complexes to cleave DNA
was assayed with the aid of gel electrophoresis on su-
percoiled pBR322 plasmid DNA as a substrate in a medium
of 50 mm Tris-HCI/18 mm NaCl buffer (pH 7.2) in the ab-
sence of an external agent. When circular plasmid DNA is
analyzed by electrophoresis, the fastest migration will be
observed for the supercoiled form (form I). If one strand is
cleaved, the supercoiled form will relax to produce a slower-
moving nicked circular form (form II). If both strands are
cleaved, a linear form (form III) will be generated that mi-
grates between form I and form II.

Effect of Complex Concentration on Plasmid DNA
Cleavage

Firstly, the concentration-dependent DNA cleavage by
the complex was performed. The activity of the binuclear
complex was assessed by the conversion of DNA from form
I to form II and form III. Figure 5 shows that the results
of gel electrophoretic separations of plasmid pBR322 DNA
3112
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induced by increasing the concentration of the binuclear
complex and manganese salt in the absence of an external
agent at pH 7.2 (50 mm Tris-HCI/NaCl buffer) and 37 °C.
Upon increasing the concentration of the complex, the
amount of form I decreased gradually and the amount of
forms II and III increased, but the manganese salt is not
visible. At the same time, under aerobic conditions, when
the concentration of the binuclear complex reached
0.18 mm the linear form III was visible in the gel (lane 4).
The percentage of linear and nicked DNA molecules ob-
served with Mn complex increased along with an increase
in the concentration; however, the supercoiled DNA is de-
graded by 80% at a concentration of 2.16 mm (lane 6). It is
clear that the degradation of pBR322 DNA is highly de-
pendent on the concentration of binuclear complex used.
The linear form III was observed in this case, revealing a
double-strand DNA cleavage. It has been widely accepted
that the metal-bound hydroxyl species (LM—-OH) in en-
zymes or their models are the active species in the hydration
of the phosphate backbone. For 1, the ESI mass spectrum
indicates three binuclear species, however, the [Mn,(bpma),-
Cl,(H,O)(OH)]" species is most likely the active one. For
the other two binuclear species, coordinated Cl~ anions may
be replaced by water molecules and further lead to the for-
mation of hydroxyl-coordinated binuclear species.

Form Il
Form Il

Form |

Figure 5. Gel electrophoresis diagrams showing the cleavage of
pBR322 DNA (0.2 pg, 33 um) at different complex concentrations
in 50 mm Tris-HCI/NaCl buffer (pH 7.2) at 37 °C, for 6 h. Lane 1:
DNA control (6 h); lanes 2-6: DNA + binuclear complex (0.018,
0.072, 0.18, 0.72, and 2.16 mwm, respectively); lane 7: DNA control;
lanes 8-10: DNA + MnCl, (0.05, 0.25, 1.25 mm, respectively).

Effects of Reaction Time on Plasmid DNA Cleavage

The time-dependent cleavage of DNA by the binuclear
complex was also studied under similar conditions. As the
reaction time was increased, the amounts of forms II and
III increased and form I gradually disappeared. The results
show that the binuclear complex can effectively cleave the
pBR322 plasmid DNA without the addition of external
agents, and cleavage of DNA by the binuclear complex is
dependent on the reaction time (shown in Figure 6). From
these experimental results, we find that the plots for the
appearance of form II as well as the disappearance of form
I follow pseudo-first-order kinetic profiles and fit well to a
single-exponential decay curve, which is consistent with the
general model for enzyme-catalyzed reactions.*>! By fitting
the experimental data with first-order consecutive kinetic
equations, the rate constants, ks = 2.87 X 10*s! for the
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conversion of supercoiled to nicked DNA are obtained for
the binuclear complex. The cleavage efficiency depends
both on the complex concentration and on the reaction
time. Figures 5 and 6 clearly show that the cleavage medi-
ated by the binuclear complex produced a double-strand
cleavage on the DNA, whereby the linear form appears be-
fore the supercoiled form (form I) has been completely con-
verted into the linear form.

Form Il

- . — D GE

Form llI

FOorm | cukis e el G e -
1 2 3 4 5 6

Figure 6. Time courses of pBR322 DNA cleavage (0.2 pg, 33 um)
by the binuclear complex at pH 7.2 and 37 °C: Lane 1: DNA con-
trol; lanes 2-7: DNA + 1.45 mm binuclear complex (0.25, 1, 4, 8,
21, and 23 h, respectively).

Effects of Radical Scavengers on Plasmid DNA Cleavage

To verify if reactive oxygen species (ROS) may be formed
in the DNA cleavage reaction, DNA cleavage experiments
were carried out in the presence of a hydroxyl radical scav-
enger (DMSO0),%! a superoxide scavenger [superoxide dis-
mutase (SOD)],?”1 a singlet oxygen quencher (L-histi-
dine),® a peroxide scavenger (catalase), and a chelating
agent [ethylenediaminetetraacetic acid (EDTA)] under
physiological conditions. As shown in Figure 7, no obvious
inhibitions are observed in the presence of DMSO, L-histi-
dine, catalase, and SOD, the results rule out the possibility
of DNA cleavage by a hydroxyl radical, peroxide, singlet
oxygen, and superoxide. EDTA can efficiently inhibit DNA
cleavage, indicating that the Mn"' complex plays a key role
in the cleavage. To clarify other aspects of the mechanism,
groove binders such as methyl green (a major-groove
binder) and/or SYBR Green (a minor-groove binder) can
also be used. The addition of SYBR Green and methyl
green hardly inhibited DNA cleavage, which suggests that
the complex did not interact through the grooves.

I
I

I

1 2 3 4 5 6 7 8 9

10 11 12

Figure 7. Gel electrophoresis diagrams showing the cleavage of
pBR322 DNA (30 umbp) by the binuclear complex (3.62 mm, 2 h)
in the presence of different additives at pH 7.2 and 37 °C: Lane 1:
DNA control; lane 2: DNA + complex; lanes 3—7: DNA + complex
+ (DMSO, r-histidine, SOD, EDTA, catalase, respectively); lane 8:
DNA control; lane 9: DNA + methyl green (0.05 mm); lane 10:
DNA + SYBR Green (10 UmL™'); lane 11: DNA + complex +
methyl green (0.05 mm); lane 12: DNA + complex + SYBR Green
(10 UmL™).

To clarify whether O, in air is responsible for the DNA
cleavage by the complex, it is necessary to perform the
cleavage experiment under anaerobic conditions. The binu-
clear complex still cleaved pBR322 plasmid DNA under an-

Eur. J. Inorg. Chem. 2010, 3109-3116

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

Eur|IC

European Journal
of Inorganic Chemistry

aerobic conditions; this can be seen in Figure 8. The results
indicated that O, was not an indispensable cofactor for
DNA scission. On the basis of the above observation, we
make the hypothesis that the examined complex may be
capable of promoting DNA cleavage through a hydrolytic
mechanism.

Figure 8. Anaerobic cleavage of supercoiled plasmid DNA (30 pum)
by the binuclear complex incubated for 6.5 h at pH 7.2 and 18 °C
under anaerobic conditions. Lane 1: DNA control; lanes 2-6: DNA
+ complex (0.652, 1.956, 2.608, 3.26, and 4.564 mm).

T4 Ligation Experiment

Direct evidence of DNA hydrolysis was further obtained
from ligation experiments of the linear DNA cleavage prod-
ucts generated by the binuclear complex (Figure 9). To ex-
plore the effects of molecular oxygen on the degradation
of DNA by the binuclear complex, the reaction was also
performed under anaerobic conditions. A gel fragment of
the linear DNA was cut off from a low-melting-point aga-
rose gel and subjected to the DNA recovery system. The
recovered linear DNA was subjected to an overnight lig-
ation reaction with T4 DNA ligase. The result after electro-
phoresis shows that the linear DNA fragments cleaved by
the binuclear complex can be re-ligated by T4 ligase. Hence,
this result implied that the process of DNA cleavage by the
binuclear complex occurs by means of a hydrolytic path.

Form Il
Form Il

Form |

Figure 9. Agarose gel electrophoresis for ligation of linearized
pBR322 DNA: lane 1: pBR322 DNA linearized by the complex
without T4 ligase; lane 2: AHindIII DNA markers; lane 3: DNA
markers; lane 4: DNA control; lane 5: pBR322 DNA linearized by
the complex with T4 ligase.

The Pseudo-Michaelis—Menten Kinetics of DNA Cleavage

The cleavage reaction of supercoiled plasmid DNA into
nicked and linear DNA by the complex was carried out in
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the absence of an external agent. The decrease of form I
was fitted to a single-exponential decay curve (pseudo-first-
order kinetics) by use of Equation (1) or (2), where y is the
initial percentage of a form of DNA, y is the percentage of
a specific form of DNA at time 7, a is the percentage of
uncleaved DNA, and k., is the hydrolysis rate, or apparent
rate constant.

Y= (o — a) exp(—kopsx) + a M

Y = (100 = yo)[1 — exp(—kqpsx)] 2

To determine the hydrolytic cleavage rate, the kinetic as-
pect of the hydrolytic DNA cleavage has been investigated.
Reactions were carried out under pseudo-Michaelis—Men-
ten conditions by using various concentrations of complex.
Based on the plots of ks versus concentration of complex
(Figure 10), the pseudo-Michaelis—Menten kinetic param-
eters (ke and Ky) were calculated to be 1.11 h™! and
6.65 X 10* M, respectively, for the binuclear manganese spe-
cies.

0.354
0.30+
0.25
0.20
0.154
° 0.10

0.05 1

/!

0.00 1

-0.05 T T T T T 1
0.0 0.5 1.0 1.5 2.0 25

[the binuclear ion] / mM

Figure 10. Plot showing the saturation kinetics for the cleavage of
plasmid pPBR322DNA with different complex concentrations of the
binuclear ion at 37 °C in Tris-HCI/NaCl buffer (pH 7.2).

Conclusion

In summary, although chlorido-bridged complexes have
been reported previously, we have shown how they are at-
tractive in terms of their structure and magnetism. Our
work provides a linear sandwich-like trinuclear unit de-
signed and characterized to serve as a nuclease mimic. Un-
expectedly, the species was a dinuclear cation in solution.
DNA cleavage promoted by the dinuclear cation was dem-
onstrated to occur by a hydrolytic path under anaerobic
conditions, and the result was supported by a T4 ligase ex-
periment.

Experimental Section

General: All reagents and chemicals were from commercial sources
and used without further purification. Solvents used in this re-
search were purified by following standard procedures. The bpma
ligand was prepared by following a literature method.*”! Plasmid
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pBR322 DNA, agarose, ethidium bromide (EB), and calf thymus
(CT) DNA were from Sigma. Tris-HCI buffer solution was pre-
pared using deionized sonicated triple-distilled water.

Elemental analyses (C, H, and N) were performed on a Perkin—
Elmer 240 CHN elemental analyzer. The infrared, electronic, and
fluorescence spectroscopic data were obtained using a Bruker
TENOR 27 spectrophotometer, Jasco-UV-570 spectrometer, and
MPF-4 fluorescence spectrophotometer, respectively. The Gel Im-
aging and Documentation DigiDoc-It System (UVI, England) were
assessed using Labworks Imaging and Analysis Software (UVI,
England).

{IMnCl(bpma)],[Mn(p-Cl)4(H,0),]}-CH5;CN (1): Complex 1 was
obtained by the reaction of MnCl, with bpma in acetonitrile/water
at ambient temperature and crystallized by slow evaporation of the
solution. The reaction of ligand N,N-bis(2-pyridylmethyl)ethyl-
amine (bpea) (0.200 g, 0.88 mmol) and MnCl, (0.110 g, 0.88 mmol)
in a water/ethanolic mixture to afford the dimeric complex
[{(bpea)Mn(u-Cl)},] has been reported elsewhere.['”) However, the
similar reaction of bpma (0.188 g, 0.88 mmol) and MnCl, (0.110 g,
0.88 mmol) in an acetonitrile/water mixture unexpectedly resulted
in the formation of 1 in good yield, although a ratio of 1:1 of the
starting materials was employed; yield 38%. C,gH3,ClgMn;N-O,
(881.16): caled. C 38.13, H 4.20, N 11.12; found C 38.61, H 4.04,
N 11.56. FTIR (KBr): v = 1604 (s), 1571 (m), 1481 (s), 1444 (s),
1414 (w), 1386 (m), 1353 (s), 1314 (m), 1297 (m), 1224 (w), 1186
(w), 1159 (s), 1116 (m), 1104 (m), 1052 (w), 1020 (s), 989 (w), 894
(W), 865 (w), 766 (s), 730 (w), 641 (m), 412 (m) cm™'. UV/Vis: A =
266 (n—n*), 310 nm (n-m).

X-ray Crystallographic Procedure: Suitable single crystals with ap-
proximate dimensions were used for X-ray diffraction analyses by
mounting the sample on the tip of a glass fiber in air. Crystallo-
graphic data for 1 are shown in Table 2. Data were collected on a
Bruker APEX-II CCD diffractometer with Mo-K,, radiation (4 =
0.71073 A) at 294(2) K. The structures were solved by direct meth-
ods using the program SHELXS-97 and refined anisotropically
with full-matrix least-squares on F? using SHELXL-97.14%1 All non-
hydrogen atoms were refined anisotropically and all the hydrogen

Table 2. Crystallographic data for 1.

Formula C14H 5.50Cl3Mn; 50N3 500

M, 440.58

Crystal system monoclinic
Space group P2i/n

a[A] 11.171(18)

b [A] 13.703(2)
c[A] 12.322(19)

a [°] 90

AN 96.474(3)

7 [°] 90

VA% 1874.2(5)

z 4

Calculated density [mgm 3] 1.561
Absorption coefficient [mm™!] 1.459

F(000) 894

Crystal size [mm?] 0.320.28 X0.22
6 Range for data collection [°] 2.23 to 26.39
Limiting indices, 4, k, [ —13 tol3, 16 tol7, —15 to 11
Reflections collected 10360
Independent reflections [R(int)] 3811(0.0339)
Goodness-of-fit on F? 1.042

Ri/WR, [I>20(1)] 0.0329/0.0777
R/wR, (all data) 0.0541/0.0874
Largest diff. peak [e A7) 0.307/-0.372
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atoms were generated geometrically. Molecular graphics were
drawn with the program package Diamond.

CCDC-602624 contains the supplementary crystallographic data
for 1. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

DNA Binding Experiments: By using the electronic absorption spec-
tral method, the relative bindings of the title complex to CT-DNA
were studied in 5 mm Tris-HCI/NaCl buffer at pH 7.2. The solution
of CT-DNA gave a ratio of UV absorbance at 260 and 280 nm,
Aaeol Aago, of 1.89, indicating that the DNA was sufficiently free of
protein.*!1 The CT-DNA stock solutions of 5 mm were prepared in
Tris-HCI/NaCl buffer, pH 7.2 (stored at 4 °C and used within 4 d
after their preparation). The concentration of CT-DNA was deter-
mined from its absorption intensity at 260 nm with a molar extinc-
tion coefficient of 6600 M~ cm!.[42]

By using the fluorescence spectral method, the relative bindings of
the complex to CT-DNA were studied with an EB-bound CT-DNA
solution in 5 mm Tris-HCI/NaCl buffer (pH 7.2). The excitation
wavelength was fixed at 510 nm and the emission range was ad-
justed before measurements. Fluorescence intensities at 602 nm
were measured at different complex concentrations.[*3

DNA Cleavage Experiments: Cleavage of supercoiled pBR322 DNA
by the title complex was studied by agarose gel electrophoresis. The
reaction was carried out by mixing SC DNA (30 pm; 4 pL), com-
plex solution (2 uL), 50 mm Tris-HCI/NaCl buffer (pH 7.2; 4 uL)
to yield a total volume of 10 uL. The sample was incubated at
37 °C, followed by the addition to 2 pL the loading buffer contain-
ing 0.25% Bromphenol Blue, 50% glycerol, 0.61% Tris, and the
solution was finally loaded on 1% agarose gel containing
1.0 uygmL ! ethidium bromide. Electrophoresis was carried out for
4h at 70V in Tris-boracic-EDTA (TBE) buffer (45 mm Tris,
45 mm H3;BO;, 1 mm EDTA, pH 8.3). Bands were visualized by
UV light and photographed. The extent of cleavage of the SC DNA
was determined by measuring the intensities of the bands using the
Gel Documentation System.[*¥! Supercoiled plasmid DNA values
were corrected by a factor of 1.22, based on an average literature
estimate of lowered binding of ethidium. 43

Anaerobic Reaction: Deoxygenated solutions were prepared by four
freeze—pump-thaw cycles. Before the final two cycles, the solutions
were equilibrated with argon to aid in the deoxygenation process.
The deoxygenated solutions were stored under an argon atmo-
sphere prior to use. Reaction mixtures were prepared in the glove
box by the addition of the appropriate volumes of stock solutions
to the reaction tubes. The reactions were initiated by quick centri-
fugation, incubated at room temperature, and quenched by the ad-
dition to the loading buffer in the glove box. All other conditions
were the same as those listed for the aerobic cleavage reactions.

DNA Cleavage Mechanism Experiments: These reactions were car-
ried out by adding scavengers of 1 mMm dimethyl sulfoxide (DMSO),
200 UnitmL~"' SOD, 0.1 M EDTA, and 25 mm L-histidine to SC
DNA to separate samples. Cleavage was initiated by the addition
of the complex and quenched with loading buffer (2 pL). Further
analysis was carried out by using the standard method given above.

Enzymatic Re-Ligation: After incubation of pBR322 DNA with
300 mm 1 for 24 h at 37 °C, the cleavage product, that is, the linear
form, was purified by using a DNA Gel Extraction Kit. The lig-
ation reaction of the linearized plasmid was performed as follows:
a mixture of T4 ligase (15 units; 3 pL), 10X ligation buffer (3 uL),
1 mm adenosine triphosphate (ATP; 1 pL), 50% (w/v) polyethylene
glycol PEG4000 (3 pL), and the solution containing the DNA
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cleavage fragment linearized by the binuclear manganese species
(20 uL) were incubated for 72 h at 16 °C. Afterwards, the ligation
products were electrophoresed, stained, and imaged.

Supporting Information (see also the footnote on the first page of
this article): Electrospray mass spectra and isotope distribution pat-
terns for 1.
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Unexpected Oxidative Dimerisations of a Cyclopentadienyl-Phosphane —
Formation of Unprecedented, Structurally Remarkable Phosphacyclic
Compounds

Crispin Lichtenberg,?! Michael Elfferding,!?! and Jérg Sundermeyer*!?!

Keywords: Phosphorus heterocycles / Phosphanes / Spiro compounds / Isolobal relationship / Oxidative dimerisation

The reactions of Me,PCp# (1) (Cp* = CsHMe,) with
Ph3;PCH,X* X7(X = Cl], Br, I) and diiodomethane as potential
electrophiles have been investigated. Unexpectedly, in all
four cases unprecedented oxidative dimerisations of the cy-
clopentadienylphosphane 1 have been observed. In the reac-
tions with the phosphonium salts, an ionic group 15 analogue
of octamethyl-tetrahydro-s-indacene with different counter-
ions X~ has been obtained (5-7) as a result of X* transfer

and H* elimination. In the reaction of 1 with diiodomethane
a fourfold anellated, partially unsaturated, heterocyclic com-
pound 9 exhibiting two spiro carbon centres, which are di-
rectly linked, was formed, presumably as a result of iodine
radical transfer. Both of the novel phosphorus heterocycles
have been characterised by means of single crystal XRD
analysis.

Introduction

Constrained geometry complexes (CGCs) have been es-
tablished as a class of catalysts for olefin polymerisation,
since they were first described in the early 1990s.1'1 The pro-
nounced characteristic of these catalytic systems is their
ability to incorporate higher olefins into a polymer chain./?!
In this respect they were found to be superior to ansa-
metallocenes, which represent a closely related class of poly-
merisation catalysts. Dianions derived from cyclopentadien-
ylsilylamines are the archetypes of ligands for the synthesis
of CGCs (A, Scheme 1).13 These are isoelectronic (and iso-
lobal) to monoanionic ligands of type B (Scheme 1), which
have therefore been in the focus of our research interest.
We recently reported a convenient synthetic approach to a
variety of P-amino-cyclopentadienylidene-phosphoranes,
which are protonated forms of type B ligands, and their use
for the complexation of lanthanides.” The series of isoelec-
tronic ligands for the synthesis of CGCs can be extended
to monoanions C (Scheme 1). The protonated forms of type
C ligands can formally be described as cyclopentadienyl-
carbodiphosphoranes, a class of compounds which is un-
known to the literature and which we set out to synthesise.
In this paper we would like to describe an unusual unprece-
dented reaction pattern of a cyclopentadienylphosphane
which we observed during our studies concerning a possible
access to type C ligands.

[a] Fachbereich Chemie der Philipps-Universitdt Marburg,
Hans-Meerwein-Str., 35032 Marburg, Germany
Fax: +49-6421 2828917
E-mail: jsu@staff.uni-marburg.de
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R,Si N ~o> RZP\(‘D ~o> RZP\®G
NO N© Cco
/ / /
R;C R;C R3P ®
A B C

Scheme 1. Three examples of isoelectronic ligands for the synthesis
of constrained geometry complexes; R = alkyl, aryl.

Results and Discussion

Formation of a 4,8-Diphospha-tetrahydro-s-indacene

Hexaphenylcarbodiphosphoranel® is the most investi-
gated representative of the class of parent carbodiphos-
phoranes R3;P-C-PR3. In analogy to a well established syn-
thetic route to this molecule!”) the reaction of a cyclopen-
tadienylphosphane with halomethyltriphenyl-phosphonium
salts (2—4) as electrophiles was studied. Unexpectedly, the
outcome of this reaction was not an overall nucleophilic
displacement of a halogen substituent by a phosphane moi-
ety (upper part, Scheme 2), but an oxidative dimerisation
of the cyclopentadienylphosphane 1 (lower part, Scheme 2)
yielding the products 5-7. The dication of the bisphosphon-
ium salts 5-7 exhibits Ci-symmetry leading to isochrony of
six pairs of methyl groups in the 'H NMR spectra and one
pair of phosphorus atoms in the *!P NMR spectra. The low
solubility of the dimers 5-7 in common solvents did not
allow for interpretable 3C NMR spectra to be obtained.
The molecular structure of the dication being part of the
substances discussed here was unambiguously established
via X-ray analysis of 7 (Figure 1). This dication is a group
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® D
Phyp” “PPh, 2 X°
P PhyPCHX X
& rt, MeCN, 2-12 h \/ 2x®©
P
® X=CL5
1 X=Cl 2 D X=Br: 6
X=Br:3 /P\ X= L7
X= |4

+ 2PMePhy X°

Scheme 2. Planned (upper part) and observed (lower part) outcome of the reaction of cyclopentadienylphosphane 1 with halomethyltri-
phenylphosphonium salts 2-4; PMePh;* X~ was isolated in the case of X = I as a stoichiometric side product.

15 derivative of a molecule with a tetrahydro-s-indacene
core and is isolobal to the known group 14 parent com-
pound (D, Scheme 3).84 A group 16 derivative has also

Figure 1. Molecular structure of 7; the thermal ellipsoids are drawn
at the 50% probability level. Hydrogen atoms are omitted for clar-
ity. Two molecules of DMSO per formula unit are present in the
crystal structure; they do not interact with 7 and are therefore not
shown. Selected bond lengths [A], distances [A], bond angles [°]
and dihedral angles [°]: P1-C1 1.786(3), P1-C2 1.784(3), P1-C3
1.843(4), P1-C4’ 1.768(3), C3-C4 1.537(4), C4-C5 1.362(4), C5-
C6 1.469(4), C6-C7 1.349(4), C7-C3 1.507(3), plane(C4, C5, C6,
C7)-C3 0.000(3), C1-P1-C2 108.2(1), C1-P1-C3 108.5(1), C1-P1-
C4' 112.7(1), C2-P1-C3 109.2(1), C2-P1-C4’ 112.5(1), C3-P1-C4’
105.6(1), P1-C3-C4 106.3(2), C3-C4-P1’ 122.0(2), plane(C3, C4,
CS, C6, C7)-plane(C3’, C4', C5', C6’, C7') 0.0(1).

. <o~ | SR® P S€  Se

D E F
Scheme 3. Isolobal relationship between 1,2,3,3a,5,6,7,7a-octa-
methyl-3a,4,7a,8-tetrahydro-s-indacene (D, left) and a group 15 an-
alogue (E, middle), which the molecular structures have been estab-

lished of by X-ray analyses. A group 16 analogue (F, right) has also
been characterised via X-ray analysis.
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been described (F, Scheme 3).18%) Being only the second ex-
ample of such a group 15 derivativel and the first one to
be characterised via X-ray analysis it represents the miss-
ing link between substances of type D and type F.

In the molecular structure of 7 the six-membered hetero-
cycle is found to be in a slightly distorted chair conforma-
tion. Deviations of bond angles [105.6(1)-122.0(2)°] from
an idealised six-membered carbon ring can be ascribed to
the incorporation of two heteroatoms and two sp?-hybrid-
ised carbon atoms into the cycle as well as to the anellation
of two pentacycles. These anellated cyclopentadienyl rings
are parallel, indicated by an interplanar (Cs5)—(Cs)’ angle
of 0.0(1)°, and exhibit two distinct double bonds. They are
essentially planar as the distance between the best plane of
four sp? carbon atoms and the sp® carbon atom (C3) is as
small as 0.000(3) A. The P-C bonds in 7 range from
1.768(3) to 1.843(4) A, which points at the differences of
the involved carbon atoms with respect to hybridisation and
incorporation into a ring system. The characteristics de-
scribed above are in good agreement with those found in
type D and F compounds (Scheme 3) with one exception.
This is that deviations of bond angles in the six-membered
ring from an idealised carbon hexacycle are much smaller
in the case of D as there are no heteroatoms involved.

Mechanistic aspects of the reactions leading to the for-
mation of the bisphosphonium salts 5-7, which are the
main products in all three cases, shall briefly be discussed.
Three different kinds of elementary reactions are undergone
in each of these syntheses. (i) Selectivity and yield of the
reactions increase with the atomic number of the halogen
atoms in the reactants 2-4. Having in mind that based on
the HSAB principle phosphanes represent soft bases and
the softness of halogen cations increases with their atomic
number,'% an X" abstraction (X = Cl, Br, I) from the halo-
methyltriphenylphosphonium salts 2-4 is a plausible initiat-
ing reaction step. Accordingly, a P-halo-cyclopentadienyl-
phosphonium salt (G, Scheme4) and triphenylmethyl-
enephosphorane, a non charged leaving group, are formed
as intermediates. An elementary reaction of this kind
should be undergone two times per formula unit, as both
phosphorus atoms in the products 5-7 exhibit a formal oxi-
dation state of +V. When the reaction leading to product
7 (X = 1) was carried out at lower temperatures, indirect
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spectroscopic evidence for the appearance of triphenylmeth-
ylenephosphorane, the plausible intermediate formed from
oxidant 4 upon loss of I* and I", could be found (for details
see Exp. Sect.). Attempts to isolate supposed intermediate
G in pure form proved to be unsuccessful. This was ascribed
to the fact that isomers of G can be formed via [1,5]-sigma-
tropic shifts of the proton bound to the cyclopentadienyl
ring and to the fact that this CH-acid is prone to be depro-
tonated by the base triphenylmethylenephosphorane pres-
ent. Attempts to independently synthesise G by reaction of
phosphane 1 with X* donors such as iodine, N-bromosuc-
cinimide or hexachloroethane at low reaction temperatures
proved to be unsuccessful as they are less selective, probably
due to direct halogenation at the cyclopentadienyl substitu-
ent. (ii) From the molecular structure of the products it can
easily be deduced that the proton which was bound to the
cyclopentadienyl-ring in reactant 1 has been abstracted in
the course of the reaction. Triphenylmethylenephos-
phorane, the formation and indirect detection of which is
described in (i), can act as a Bronsted base.'!l The corre-
sponding protonated form, the phosphonium salt MePPh;*
I, was isolated and characterised in the case of 7. Overall,
this acid-base reaction must be undergone twice and in
agreement with these stoichiometric considerations, two
equivalents of MePPh;* I~ were isolated. With intermediate
G acting as the Breonsted acid H would be gener-
ated as an intermediate (Scheme 4). (iii) In order to achieve
the formation of the products 5-7, a six-membered hetero-
cycle must be generated. A nucleophilic displacement of the
halogen atom in assumed intermediate H is a plausible reac-
tion step, which must be undergone twice. This is equiva-
lent with a dimerisation of H.'?! So the oxidative dimeris-
ation of 1 leading to the formation of the bisphosphonium
salts 5-7 is a complex sequence of reactions including at
least six elementary reactions of three different kinds. A
plausible reaction mechanism, which is in agreement with
(1)—(iii), is shown in Scheme 4. The key reaction step is the
dimerisation of the proposed intermediate H, which does
not necessarily have to proceed in a concerted fashion (as
depicted in Scheme 4 for space-saving reasons) but could
also follow a stepwise mechanism.

2 PhgP=CH
2 I-P © £
/® —2PCHsPh® 1©

‘)_\p =

4 . 7
/f‘

=

|
H

H

Scheme 4. Proposed mechanism for the oxidative dimerisation of 1
yielding the bisphosphonium salts 5-7 (shown for 7). The dimeri-
sation of supposed intermediate H, formed by deprotonation of
intermediate G, is the key step in this mechanism.['?!

Eur. J. Inorg. Chem. 2010, 3117-3124

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

Eur|IC

European Journal
of Inorganic Chemistry

Evidence of Br--Br~ Contacts in Ph;PCH,Br* Br~ (3)

The abstraction of an iodine cation from the phospho-
nium salt 4 as an initiating reaction step in the formation
of the dimer 7 is in accordance with the fact that 4 exhibits
an electrophilic iodine atom and I-I" contacts in solid
state.l'3] The tendency for such symmetric halogen-
halogen™ contacts to be formed decreases with the atomic
number of the halogen atoms involved.['¥ In order to find
stronger evidence of an X™ abstraction as the initial reac-
tion step in the dimerisations described here, the phos-
phonium bromide 3 was characterised by means of X-ray
analysis (Figure 2). Indeed, this compound also exhibits
Br---Br contacts in solid state indicated by a Br1-Br2 dis-
tance of 3.568(1) A, which is 4% below the doubled value
of the van der Waals radius of bromine.!'>] The Br2-Brl-
C1 unit exhibits a bond angle of 175.4(1)° revealing an in-
teraction of nucleophilic bromide Br2 with the electrophile,
the 6*¢;_ g, orbital (LUMO), respectively. Accordingly, the
C1-Br1 bond is slightly lengthened.l'® A C—H-+-Br~ contact
is found in the crystal structure of the phosphonium bro-
mide 3 as an additional secondary interaction.

C14

\‘~
¢ ‘@ Br2

Figure 2. Molecular structure of PhsPCH,Br* Br~ (3); the thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity. Selected bond lengths [A] and angles [°]:
Brl-Br2 3.568(1), Brl-Cl1 1.948(2), P1-C1 1.804(2), PI1-C2
1.792(4), P1-C8 1.787(2), P1-C14 1.785(2), Br2-Br1-C1 175.4(1).

The Br-+*Br contact in 3 provides further evidence that
sterically hindered halomethylphosphonium cations are sus-
ceptible to a nucleophilic attack at the part of the 6*¢ x
orbital which is located at the halogen and not at the carb-
on atom explaining why 3 acts as halogen™ and not carb-
enium transfer agent.

Formation of a Fourfold Anellated, Phosphacyclic Dispiro
Compound

Driven by the initial motivation of our studies to find a
synthetic approach to type C ligands (Scheme 1), the (cyclo-
pentadienyl)(iodomethyl)phosphonium iodide 8 was pre-
pared as a potential target for P-nucleophiles. This synthe-
sis was achieved by reaction of cyclopentadienylphosphane
1 with diiodomethane (see upper part of Scheme 5). The
desired product was obtained as a mixture of the isomers
8a and 8b in a 58:42 ratio. When the phosphonium iodide
8 is solvated in DMSO this ratio increases up to 67:33 in
favour of the isomer 8a over a period of one day, after
3119
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CHal,

n-pentane/toluene
45°C, 11d
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CHol,

n-hexane/THF
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Scheme 5. Nucleophilic substitution reaction (upper part) and oxidative dimerisation (lower part) of cyclopentadienylphosphane 1.

which this ratio was found to be constant. The structures
of these substances were established by means of 2D NMR
measurements (COSY, HMQC, HMBC) in addi-
tion to the usual 1D NMR experiments.

Under only slightly different reaction conditions (n-hex-
ane/THF, 50-90 °C, 9 d) 9 was obtained as a completely
unexpected side product of this reaction (lower part,
Scheme 95).

In this case, diiodomethane does not act as an electro-
phile but as an iodine radical donor. Whereas variations of
the ratio of tetrahydrofuran in the solvent mixture did not
have a significant impact on the outcome of the experiment,
an elevation of the reaction temperature and reaction time
led to an increase in the selectivity towards 9. Under op-
timised reaction conditions the formation of the heterocy-
clic compound 9 was achieved with a selectivity of 30%. 8a
and 8b were also observed as well as a fourth substance
with a composition [CH,(PMe,Cp™),]I, (Cp* = CsHMe,)
tentatively assigned on the basis of high resolution ESI
mass spectra. After several crystallisations, small amounts
of the phosphonium iodide 9 could be obtained in an ana-
lytically pure form. Six pairs of methyl groups, five pairs of
endocyclic carbon atoms and the two phosphorus atoms of
this substance are isochronical. This indicates that the dicat-
ion of the bisphosphonium salt 9 shows C,-symmetry in
solution. The molecular structure of 9 was indubitably es-
tablished by X-ray analysis (Figure 3). In solid state 9 exhi-
bits non-crystallographic C; symmetry. Like the phos-
phonium salts 5-7, it originates from an oxidative dimeri-
sation of the cyclopentadienylphosphane 1. The unexpected
product 9 is a fourfold anellated, partially unsaturated,
heterocyclic compound. Two spiro centres, which are di-
rectly linked, are incorporated into this cyclic framework.
The combination of these features makes this bisphosphon-
ium iodide unique in its structural characteristics. They also
lead to a high degree of ring strain within the dication,
which is the dominating property of this molecule. This
leads to strong deviations of most of the bond lengths and
angles from values which would be expected for unstrained
systems. The most remarkable examples of this are found
around the two spiro centres, C1 and C12. The C—C bond
linking these atoms is stretched to 1.626(4) A. The bond
angles at both spiro centers range from 99.5(1) to 124.4(1)°
3120
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covering a spectrum of about 25°. The highest values of
these bond angles around the sp* carbon atoms C1 and C12
even exceed 120° which are ideally expected for bond angles
with sp? carbon atoms in the central position. Structural
elements which are further apart from the two spiro centres
are still affected by the ring strain, but to a lesser extend.
The endocyclic bonds in the dication of 9 (apart from CIl-
C12, which was discussed above) are with few exceptions
slightly stretched. In the crystal structure of the bisphos-
phonium iodide 9 there is also a secondary binding interac-

C19

Figure 3. Molecular structure of the bisphosphonium iodide 9;
thermal ellipsoids are shown at the 50% probability level. Hydro-
gen atoms except for H1 are omitted for clarity. Two molecules of
methanol are incorporated into the crystal structure of 9. One of
these is disordered, does not interact with 9 and is therefore not
shown. Selected bond lengths [A] and angles [°]: C1-C12 1.626(4),
P1-C3 1.835(3), P1-C10 1.783(3), P1-CIl 1.783(3), P1-Cl2
1.832(2), P2-C1 1.842(2), P2-C15 1.837(3), P2-C21 1.784(2), P2-
C22 1.785(2), C1-C2 1.562(2), C2-C3 1.557(3), C3-C4 1.528(3),
C4-C5 1.338(2), C5-C1 1.539(3), C12-Cl13 1.537(2), C13-Cl4
1.337(3), C14-C15 1.525(3), C15-C16 1.552(3), C16-C12 1.549(3),
HI-I1 2.623(41), P1-C12-C1 100.2(1), P1-C12-C13 124.6(1), P1-
C12-C16 116.5(1), C1-C12-C13 106.9(2), C1-C12-C16 106.0(2),
P2-C1-C2 117.7(1), P2-C1-C5 124.4(1), P2-CI1-C12 99.5(1), C2-
C1-C12 105.3(3), C5-C1-C12 107.6(2), C3-P1-C10 109.1(1), C3-
P1-Cl11 113.9(1), C3-P1-C12 95.7(1), C10-P1-C11 107.5(1), C10-
P1-C12 113.5(1), C11-P1-CI12 116.8(1), C1-P2-C15 95.6(1), Cl1-
P2-C21 118.6(1), C1-P2-C22 112.6(1), C15-P2-C21 111.0(1),
C15-P2-C22 112.4(1), C21-P2-C22 106.5(1), C1-C2-C3 95.8(2),
C2-C3-C4 100.6(2), C3-C4-C5 109.8(2), C4-C5-C1 107.3(2), C5-
C1-C2 100.7(2), C12-C13-Cl14 107.2(2), C13-C14-C15 109.5(2),
Cl14-C15-C16 101.3(2), C15-C16-Cl12 95.9(2), Cl16-C12-Cl3
101.2(2), O1-HI-I1 179.1(35).
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tion. This is an H---I" contact, in which the hydrogen atom
belongs to the hydroxy group of a solvent molecule
(MeOH). The hydrogen bond HI-I1 exhibits a length of
2.623(41) A, which is more than 17% below the sum of the
van der Waals radiil’®! and an O1-HI-I1 bond angle of
179.1(35)°.

Mechanistic considerations concerning the formation of
the bisphosphonium iodide 9 shall be discussed in brief.
The chemical formula of the product, (PMe,Cp¥I),, indi-
cates that overall an iodine radical addition to the cyclopen-
tadienyl-phosphane 1 followed by a dimerisation of the re-
sulting radical intermediate has taken place. Such an iodine
radical transfer to the cyclopentadienylphosphane 1 would
result in the formation of intermediate I with resonance for-
mulae Ia, Ib and Ic shown in Scheme 6. Product 9 is a dimer

of L.
+
\ . \ \
P - P - P Ie
/® /® /®
la Ib Ic

Scheme 6. Resonance structures of supposed intermediate Ia, Ib
and Ic (formed probably as P-I contact ion pairs) as result of an
iodine radical interaction with the cyclopentadienylphosphane 1.

It is important to note that Ia represents an electrophilic
radical, whereas Ib and Ic are nucleophilic radicals. Dimer-
isation of radical Ia with sterically less hindered Ic would
generate K as an intermediate (Scheme 7). Two intramolec-
ular P-C bond formations in transient K, probably via a
polar mechanism, would lead to isolated product 9.

8
la+lc — ﬁx 219 — 9
o

K

Scheme 7. Proposed stepwise mechanism for the formation of 9 via
intermediate K, which would be formed by dimerisation of the radi-
cal intermediate 1.

Conclusions

Four cases of unexpected oxidative dimerisations of the
cyclopentadienylphosphane Me,PCp* (1) (Cp* = CsHMe,)
have been reported. In sharp contrast to known reactions
of Ph;PCH,X* X~ (X = Cl, Br, I) with PPh;, the former
phosphonium salts act as halogen™ (not carbenium ion)
transfer agents towards phosphane 1. In a second reaction
step the resulting leaving group triphenylmethylenephos-
phorane acts as a Bronsted base leading to a formal H* by
I* exchange. A group-15 analogue of octamethyl-tetra-
hydro-s-indacene with X~ counterions is the final reaction
product in each of these reactions. The first example of an
X-ray analysis of such a heterocyclic compound is reported.
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Mechanistic aspects of these reactions have been investi-
gated and an X™ abstraction from the electrophile and ox-
idising agent by cyclopentadienylphosphane 1 has been es-
tablished as the initiating reaction step. In the fourth exam-
ple of an oxidative dimerisation of cyclopentadienylphos-
phane 1 diiodomethane is acting as oxidising agent, pre-
sumably via iodine radical instead of a carbon electrophile
transfer leading to expected 8a,b. The unexpected product
9 of this reaction has been characterised by X-ray analysis
and exhibits highly remarkable structural features. It is a
fourfold anellated, partially unsaturated, heterocyclic com-
pound with two spiro carbon centres, which are directly
linked to each other.

Experimental Section

General: All experimental procedures were carried out in an atmo-
sphere of purified argon or nitrogen using standard Schlenk tech-
niques or a glovebox. The solvents used were dried and degassed
according to standard protocols. Chemicals were purchased from
Alfa Aesar, Aldrich or Merck and used without further purifica-
tion. PCIMe,,['” LiCp#'®1 (Cp# = CsHMe,), PPh;CH, X" X~ (X =
C1,11%1 Br,l201 11211y and PPh;CH,*? were synthesised according to
literature procedures. NMR measurements were performed using a
Bruker AVANCE 300, DRX 400 or DRX 500 spectrometer at
25 °C. Elemental analyses were carried out at the Analytical Labo-
ratory of the Department of Chemistry, Philipps University of
Marburg. ESI mass spectra were recorded using a Finnigan TSQ
700 instrument.

PMe,Cp# (1): Method A: A solution of Me,PCl (364 mg,
3.77 mmol) in toluene (2.25 mL) was added to a suspension of
LiCp* (507 mg, 3.96 mmol) in n-pentane/diethyl ether (1:1)
(24 mL) at 0 °C. The reaction mixture was warmed up to room
temperature over 17 h, after which the volume of the liquid phase
was reduced to half in vacuo at 0 °C. The solid was separated by
filtration and washed with n-pentane (3 X8 mL). The colourless
filtrate was used as a source of the phosphane 1 in one of the
following reactions. Method B: See method A, but neat n-pentane
was used as a solvent. Moreover, the volume of the liquid phase
was not reduced to half in vacuo prior to filtration. Method C: See
method A, but n-hexane/tetrahydrofuran (2:1) was used as a solvent
mixture. =78 °C was chosen as the initial reaction temperature in-
stead of 0 °C.

Isolation of PMe,Cp* (1):>% 1 was prepared according to method
A. Removal of all volatiles under reduced pressure at 0 °C yielded
a colourless oil which was then dried in vacuo; yield 557 mg (81 %).
1 was isolated as a mixture of three isomers.

Dimethyl(2,3,4,5-tetramethylcyclopenta-2,4-dienyl)phosphane  (1a,
75%): 'TH NMR (300.1 MHz, C¢Dg): 6 = 0.84 (d, 2Jpp = 5.0 Hz, 6
H, PMe,), 1.73 (s, 6 H, 3,4-CpMe,), 1.93 (s, 6 H, 2,5-CpMe,), 2.80
(br. s, I H, 1-CpH) ppm. '3C NMR (75.5 MHz, C¢Dg): 6 = 9.5 (d,
Uep = 19.4 Hz, PMe>), 11.2 (s, 3,4-CpMe,), 14.3 (d, 3Jcp = 8.3 Hz,
2,5-CpMe,), 57.9 (d, Jep = 22.7Hz, 1-Cp), 134.1 (d, 2Jcp =
2.3 Hz, 2,5-Cp), 136.2 (d, 3Jcp = 2.7 Hz, 3,4-Cp) ppm. 3'P NMR
(121.5 MHz, C¢Dy): 6 = -37.1 ppm.

Dimethyl(2,3,4,5-tetramethylcyclopenta-1,3-dienyl)phosphane  (1b,
15%): '"H NMR (300.1 MHz, C¢Dg): 6 = 1.08 (d, 3J 5 = 7.6 Hz,
3 H, 5-CpMe), 1.18 (d, 2Jgp = 3.6 Hz, 3 H, PMe'?), 1.19 (d, 2Jyp
=3.5Hz, 3 H, PM¢&?"), 1.65 (s, 3 H, 3-CpMe), 1.73 (3 H, 4-CpMe,
overlapped by the resonance due to 3,4-CpMe, of 1a), 2.09 (s, 3 H,
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2-CpMe) 2.80 (1 H, 5-CpH, overlapped by the resonance due to 1-
CpH of 1a) ppm. 3C NMR (75 MHz, C¢Dg): 6 = 11.0 (s, 3-CpMe),
11.0 (s, 4-CpMe), 13.4 (d, 'Jep = 26.7 Hz, PMe!?), 13.5 (d, 'Jep =
27.7 Hz, PMe*), 13.9 (d, 3*Jcp = 5.9 Hz, 2-CpMe), 15.8 (d, 3Jcp =
1.5 Hz, 5-CpMe), 52.2 (d, ?Jcp = 4.3 Hz, 5-Cp) ppm. Resonances
arising from four C atoms being part of the five-membered ring
could not be detected due to the low ratio of this isomer. 3'P NMR
(121.5 MHz, C¢Dy): 6 = —67.3 ppm.

Dimethyl(1,2,3,4-tetramethylcyclopenta-2,4-dienyl)phosphane  (lc,
10%): '"H NMR (300.1 MHz, C¢Dy): 6 = 0.50 (d, 2Jyp = 4.5 Hz, 3
H, PMe'?), 0.84 (d, 2Jyp = 4.9 Hz, 3 H, PMe?7), 1.23 (d, 3Jyp =
14.6 Hz, 3 H, 1-CpMe), 1.68 (s, 3 H, 3-CpMe), 1.82 (s, 3 H, 2-
CpMe), 1.86 (s, 3 H, 4-CpMe), 5.77 (br. s, 1 H, 5-CpH) ppm. '3C
NMR (75.5 MHz, C¢Dy): § = 8.5 (d, 'Jep = 18.1 Hz, PMe’?), 10.9
(s, 2-CpMe, partially overlapped by the resonances due to 3-CpMe
and 4-CpMe of 1b), 11.3 (d, 'Jep = 19.8 Hz, PMe*?, partially over-
lapped by 3,4-CpMe, von 1a), 13.8 (s, 4-CpMe, partially over-
lapped by the resonance due 2-CpMe of 1b), 17.2 (d, 2Jep =
19.9 Hz, 1-CpMe) 53.9 (d, 'Jep = 17.8 Hz, 1-Cp) 132.0 (d, 2Jcp =
3.1 Hz, 5-Cp) ppm. Resonances due to four C atoms of 1c¢ could
not be detected due to the low ratio of this isomer. 3'P NMR
(121.5 MHz, C¢Dyg): 6 = -25.9 ppm.

[PMe,(CsMey), X5 (5, X = Cl; 6, X = Br; 7, X = I): A solution of
PMe,Cp* (1), was prepared according to method A. The solvent
was removed in vacuo at 0 °C to give a colourless oil, which was
dissolved in acetonitrile (15 mL) and slowly added to a suspension
of PhsPCH,X" X~ (X = Cl: 1.05g, 3.02mmol; X = Br: 1.32 g,
3.03 mmol; X = I: 1.60 g, 3.02 mmol) in acetonitrile (20 mL). The
reaction mixture was allowed to stir for an appropriate time span
(X =Cl: 12 h, X = Br, I: 2 h). After that the white solid was filtered
off, washed with acetonitrile (3X4mL) and diethyl ether
(3%X4mL) and dried in vacuo.

52 MeCN (X = CI): Yield 413 mg (53%), ESI-MS: exact mass
caled. for C5,H3sP,*: m/z = 361.2209, found m/z (%) = 361.2215(9)
[(M =2 ClI" — H")*]. Cy,H36P>?>": m/z = 181.1141, found m/z (%) =
181.1140 (100) [(M —2 CI')**]. C,sH4CLNLP, (515.48): calced.
C 60.58, H 8.21, N 5.43, found C 60.66, H 8.42, N 5.18. 'H NMR
(300.1 MHz, [Dg]DMSO): 6 = 1.52 (d, 2Jyp = 17.6 Hz, 3 H, PMe),
1.74 (d, >Jgp = 13.6 Hz, 3 H, PMe), 1.95 [d, **Jyp = 1.7 Hz, 3 H,
C(sp?)Me], 2.13 [s, 3 H, C(sp?>)Me], 2.39 [s, 3 H, C(sp?)Me], 2.58
[d, 3Jup = 13.9 Hz, 3 H, C(sp?)Me] ppm. 3'P NMR (121.5 MHz,
[Dg]DMSO): 6 = 26.7 ppm.

6:2 MeCN (X = Br): Yield 494 mg (54%), ESI-MS: exact mass
caled. for CyHj3sPy™: m/z = 361.2209, found mi/z (%) = 361.2218
(5)[(M — 2 Br — H*)*]. CoH3gP,>*: m/z = 181.1141, found mi/z (%)
= 181.1140 (100) [(M — 2 Br)?>*]. CsH4:Br,N,P, (604.38): caled.
C51.67, H7.00, N 4.64, found C 51.87, H 6.65, N 5.03. '"H NMR
(300.1 MHz, [D¢]DMSO): 6 = 1.51 (d, 2Jyp = 17.6 Hz, 3 H, PMe),
1.72 (d, 2Jup = 13.6 Hz, 3 H, PMe), 1.95 [s, 3 H, C(sp?>)Me], 2.13
[s. 3 H, C(sp?>)Me], 2.38 [s, 3 H, C(sp*)Me], 2.55 [d, 3Jyp = 13.8 Hz,
3 H, C(sp*)Me] ppm. 3P NMR (121.5 MHz, [D¢g]DMSO): § =
26.7 ppm.

7 (X = D: Yield 651 mg (70%), ESI-MS: exact mass calcd. for
CoH;3sPy": miz = 361.2209, found m/z (%) = 361.2216 (5) [(M —
21 —-H"']. CynHigP?": mlz = 181.1141, found m/z (%) =
181.1140 (100) [(M — 2 I)**]. Cy4H34LoP; (616.28): caled. C 42.88,
H5.89, found C42.85, H5.89. 'H NMR (300.1 MHz, [Dg]-
DMSO): § = 1.51 (d, 2Jyp = 17.4 Hz, 3 H, PMe), 1.71 (d, 2Jyp =
13.6 Hz, 3 H, PMe), 1.95 [d, **Jyp = 2.1 Hz, 3 H, C(sp?)Me], 2.12
[s, 3 H, C(sp>)Me], 2.37 [s, 3 H, C(sp?)Me], 2.54 [d, 3Jyp = 14.0 Hz,
3 H, C(sp’)Me] ppm. 3P NMR (121.5 MHz, [Ds]DMSO): & =
26.6 ppm.
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PMePh;1:?4 Two equivalents of this phosphonium salt were ob-
tained from the filtrate of the reaction mixture in the case of X =
I by removal of the solvent in vacuo. The white solid was washed
with diethyl ether (2 X5 mL) and n-pentane (2 X7 mL) and dried
in vacuo. ESI-MS: exact mass calcd. for CoH,¢P*: m/z = 277.1141,
found m/z (%) = 277.1144 (100) [(M —-1)*]. I: m/z = 126.9050,
found m/z (%) = 126.9052 (98) [I']. '"H NMR (300.1 MHz, [Dg]-
DMSO): ¢ = 3.16 (d, 2Jyp = 14.6 Hz, 3 H, Me), 7.74-7.89 (m, 15
H, Ph) ppm. >'P NMR (121.5 MHz, [Dg]DMSO): § = 21.5 ppm.

Indirect Proof for PPh;CH, Intermediate: A solution of PMe,Cp*
(1) was prepared following the procedure described in method A,
but the reaction was downscaled to 1:10. The solvent was removed
in vacuo at 0 °C to give a colourless oil, which was dissolved in
acetonitrile (1.5 mL) and cooled to 0 °C. The chilled solution was
added to a suspension of PhsPCH,I* I (0.16 g, 0.30 mmol) in ace-
tonitrile (2 mL) at 0 °C. After 3 min sonofication at 0 °C, the sus-
pension was transferred to an NMR tube, solid material was centri-
fuged into the top of the NMR tube and the yellow solution was
analysed by means of *'P NMR spectroscopy (121.5 MHz, § =
21.8 ppm, purity at least 80%). Addition of authentic neat
PPh;CH, to the soluble part of the reaction mixture did not change
the spectrum except for an increase in the intensity of the main
resonance.

PMe,Cp#*(CH,DI (8a, 8b): A solution of PMe,Cp* (1) was pre-
pared according to method B and its volume was reduced to 15 mL
in vacuo at 0°C. Toluene (15mL) and diiodomethane (1.28 g,
4.78 mmol) were added and the reaction mixture was heated to
45 °C for 65 h. The product precipitated as a white, microcrystalline
solid. It was separated by filtration, washed with n-pentane
(3X8mL) and dried in vacuo. Heating the filtrate to 45 °C for
additional 9 d gave another crop of the product, which was isolated
as described above. The product was obtained as a mixture of the
two isomers 8a and 8b (58:42). Combined yield 1.12 g (66 %), ESI-
MS: exact mass caled. for C;,H,IP*: m/z = 323.0420, found
mlz (%) = 323.0416 (100) [(M —-1)*]. C;,H,,1,P (450.08): calcd.
C 32.02, H 4.70, found C 32.11, H 5.08. 8a: '"H NMR (300.1 MHz,
[Dg]DMSO): 6 = 1.18 (bd, *Jyp = 7.5Hz, 3 H, 5-CpMe), 1.82 (s,
3 H, 3-CpMe), 1.93 (s, 3 H, 4-CpMe), 2.17 (d, 2Jyp = 13.7 Hz, 3
H, PMe), 2.18 (d, 2Jyp = 13.8 Hz, 3 H, PMe), 2.19 (s, 3 H, 2-
CpMe), 3.30 (d, 2Jyp = 6.3Hz, 1 H, 5-CpH), 3.83 (d, *Jyp =
8.2 Hz, 2 H, CH>I) ppm. 3'P NMR (121.5 MHz, [Ds]DMSO): 6 =
17.3 ppm. 3C NMR (75.5 MHz, [Dg]DMSO): 6 = ~11.1 (d, "Jep
= 52.8 Hz, CH,I), 9.7 (d, "Jep = 57.7 Hz, PMe), 9.8 (d, "Jep =
57.9 Hz, PMe), 10.3 (s, 3-CpMe), 12.4 (d, *Jcp = 1.1 Hz, 4-CpMe),
14.8 (d, 3Jcp = 3.6 Hz, 5-CpMe), 14.9 (s, 2-CpMe), 52.1 (d, *Jcp =
13.1 Hz, 5-Cp), 115.7 (d, YJep = 95.4 Hz, 1-Cp), 135.5 (d, 3Jcp
15.9 Hz, 3-Cp), 154.0 (d, 3Jcp = 8.3 Hz, 4-Cp), 164.1 (d, 2Jcp
10.8 Hz, 2-Cp) ppm. 8b: '"H NMR (300.1 MHz, [Dg]DMSO): &
1.81 (d, *Jyp = 4.2 Hz, 6 H, 2,5-CpMe,), 1.91 (d, 2Jyp = 13.7 Hz,
6 H, PMe,), 1.99 (s, 6 H, 3,4-CpMe,), 3.57 (d, 2Jyp = 8.4 Hz, 2
H, CH,I) 4.34 (d, 2Jyp = 23.7Hz, 1 H, 1-CpH) ppm. 3'P NMR
(121.5 MHz, [Dg]DMSO): § = 31.2 ppm. '*C NMR (75.5 MHz,
[Dg]DMSO): 6 = -14.9 (d, Jep = 47.4 Hz, CH,I), 6.7 (d, 'Jcp =
53.7 Hz, PMe,), 11.4 (d, 3Jcp = 1.5 Hz, 2,5-CpMe,), 13.8 (s, 3,4-
CpMe,), 50.8 (d, 'Jep = 39.2 Hz, 1-Cp), 127.9 (d, 3Jcp = 5.2 Hz,
3.4-Cp), 143.5 (d, 2Jep = 7.9 Hz, 2,5-Cp) ppm.

(PCp*Me,),1, (9): A solution of PMe,Cp” (1) was prepared ac-
cording to method C and its volume was reduced to 12mL in
vacuo at 0°C. In a pressure tube with teflon valve n-hexane
(12 mL) and diiodomethane (496 mg, 1.85 mmol) were added and
the reaction mixture was kept at 50 °C for 60 h, then at 70 °C for
100 h and finally at 90 °C for 66 h. A white solid had precipitated
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and was separated by filtration, washed with n-pentane (3 X 10 mL)
and dried in vacuo. Next to main product 8a,b this salt mixture
contained about 30% spectroscopic yield of 9 (‘H-, 3'P NMR) as
well as about30% of a second by-product, presumably
(CH5(PMe,(CsMey))I, ("H-, 3'P NMR, ESI-MS). The salts were
then suspended in dichloromethane (20 mL). Separation of the so-
lid and the liquid phase was achieved by centrifugation followed
by decantation. Storage of a saturated solution of the DCM insolu-
ble solid part in methanol at 4 °C gave colourless crystals of the
pure product 9; yield 23 mg (2%), ESI-MS: exact mass calcd. for
CHxgIP,": m/z = 491.1488, found m/z (%) = 491.1488 (100) [(M —
']

'H NMR (300.1 MHz, [Dg]DMSO): 6 = 0.94 (d, 3,1 = 5.7 Hz, 6
H, M&*9), 1.42 (d, 3Jyp = 18.0 Hz, 6 H, Me®12), 1.70 (d, *Jyyp =
5.9 Hz, 6 H, Me*1%), 1.78 (s, 6 H, Me>11), 2.19 (d, 2Jyp = 12.7 Hz,
6 H, Me!"7>%), 2.22 (d, 2Jyp = 13.6 Hz, 6 H, Me>%'17), 3.08-3.11
(m, 2 H, CMe*H, CMe®H) ppm. *'P NMR (121.5 MHz, [Dg}-
DMSO): 3 = 40.1 ppm. 3C NMR (125.8 MHz, [DgJDMSO): J =
53 (d, Jep = 46.0 Hz, Me!728), 5.7 (d, Jep = 42.2 Hz, M),
8.3 (dd, 3Jcp = 4.1, *Jep = 3.5Hz, Me>?), 9.0 (s, Me%'?), 11.5 (s,
MeS11y, 15.7 (s, Me*19), 545 (dd, 2ep = 6.1, Jep = 6.3 Hz,
CHMe*?), 56.1 (dd, "Jep = 47.5, 3Jcp = 9.9 Hz, CMe®1?), 134.5 (s,
CMe>'), 137.2 (dd, 2Jcp = 6.0, 3Jcp = 6.4 Hz, CMe*!°) ppm.

[CH,(PMe,Cp*),]I,: The data were obtained from the product mix-
ture prior to recrystallisation from methanol. ESI-MS: exact mass
caled. for Co3HsoPy™: m/z = 377.2522, found m/z (%) = 377.2522
4) [M-H*-21)*]. 3P NMR (121.5 MHz, [D¢]DMSO): 6 =
16.0 ppm.

X-ray Crystallographic Studies: Crystallography: Crystal data were
collected with a Stoe-IPDSII area-detector diffractometer using
graphite-monochromatised Mo-K,-radiation (4 = 71.073 pm) at
100 K. The detector was placed at a distance of 1.2 cm from the
crystal. Data reduction was carried out by using the IPDS software
X-Area (Stoe).[>>) The data were empirically corrected for absorp-
tion and other effects by using multiscans.”?®! The structures were
solved by direct methods (Sir-97)?71 and refined by full-matrix le-
ast-squares techniques against F,?> (SHELXL-97).8] The programs
PLATON®! and PLUTONB were used to check the results of the
X-ray analyses. Diamond was used for structure representations.!l

CDC-753501 (for 3), -753500 (for 7) and -753502 (for 9) 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.

Crystal Data for 3: C,oH,,Br,P, Mr = 436.12, monoclinic, P»,/n, a
= 10.2226(4) A, b = 14.0098(5) A, ¢ = 12.4510(5) A, a = 90°, § =
104.960(3)°, y = 90°, ¥ = 800.9(8) A3, Z = 4, p(caled.) =
1.681 gem™>, 1 = 4.792mm™!, T = 100 K. A total of 9908 reflec-
tions were collected, of which 3034 were independent. The refine-
ment on all data converged at R; = 2.00%, wR, = 4.44% and the
goodness of fit was 0.939. Hydrogen atoms were included in ideal-
ised positions and refined with isotropic displacement parameters
except that corresponding with the CH,P group, which was found
in the final density map and refined with isotropic displacement
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parameters. Storage of an oversaturated solution of 3 in Pe/EtOAc/
MeOH (2:1:1) for 7 d yielded colourless single crystals of this sub-
stance.

Crystal Data for 7: C;3H,,IOPS, Mr = 386.25, triclinic, P1, a =
6.995(5) A, b = 9.679(5) A, ¢ = 12.789(5) A, a = 80.452(5)°, f§ =
75.801(5)°, y = 73.601(5)°, ¥ = 800.9(8) A3, Z = 2, p(caled.) =
1.602 gem™, = 2.215mm™!, 7 = 100 K. A total of 8111 reflec-
tions were collected, of which 2825 were independent. Hydrogen
atoms were included at calculated positions with fixed thermal pa-
rameters. The refinement on all data converged at R; = 2.12%, wR,
= 4.48% and the goodness of fit was 0.940. In the asymmetric unit
one DMSO molecule is included. Colourless single crystals of 7
were grown from a saturated solution of this bisphosphonium salt
in DMSO by gas phase diffusion (Et,O) at room temperature.

Crystal Data for 9: C,3 50H431,0,P,, Mr = 673.34, triclinic, Pl, a
=10.9375(4) A, b =10.9411(4) A, ¢ = 14.1493(5) A, a = 90.172(3)°,
B = 107.398(3)°, y = 119.288(3)°, V = 1386.36(9) A3, Z = 2,
p(caled.) = 1.613 gem™>, u = 2401 mm™!, 7 = 100 K. A total of
18094 reflections were collected, of which 4871 were independent.
The refinement on all data converged at R; = 1.79%, wR, = 4.27%
and the goodness of fit was 1.017. In the asymmetric unit two
MeOH molecules are included, of which one is disordered and was
modelled as two sites with 60:40 occupancy. The appropriate car-
bon atom of the disordered MeOH molecule resides on a crystallo-
graphic inversion center with a site-occupation factor of 0.5. The
corresponding OH hydrogen atom could not be located in the dif-
ference Fourier map and was therefore fixed using the riding model,
while the OH hydrogen atom at the second MeOH molecule was
fixed in his located position. All other hydrogen atoms were in-
cluded at calculated positions with fixed thermal parameters. Single
crystals of 9 were obtained by cooling a saturated solution in
MeOH to 4 °C.
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The present investigation describes syntheses, characteriza-
tion and studies of the mononuclear compound [Cu"LC
(H,0)] (1), the triangular, trinuclear monophenoxido-bridged
compounds [{Cu"L},M"(H,0);,](C10,),nH,0 [2 M = Cu, n =
0),3(M=Ni,n=3),4M=Co,n=0),5M=Fe, n=0)] and
the tetrametallic self-assembled complex [{Cu"LMn"(H,0)s}-
{CullL},](Cl04)2H,0 (6) derived from compartmental Schiff
base ligand, H,L, which is the [2+1] condensation product of
3-methoxysalicylaldehyde and trans-1,2-diaminocyclohex-
ane. Single-crystal X-ray structures of 2, 5 and 6 were deter-
mined. Two pairs of terminal---central metal ions in the trinu-
clear cores in 2 and 5 are monophenoxido-bridged. Interest-
ingly, the CuOg and FeOg environments have tetragonally
compressed octahedral geometries. On the other hand, the
structure of 6 reveals that it is a [2X1+1X2] cocrystal of one
diphenoxido-bridged dinuclear [Cu"LMn"(H,0)5]?* dication
and two mononuclear [Cu'L] moieties. Cocrystallization in 6

takes place as a result of water encapsulation. The variable-
temperature (2-300 K) magnetic susceptibilities of com-
pounds 2-6 have been measured. The exchange integrals ob-
tained are: the Cu''; compound 2, J = -78.9 cm™; the Cu'™Ni'-
Cu" compound 3, J = -22.8 cm™'; the Cu"Co"Cu' compound
4, J = -7.8 cm™}; the Cu"Fe"Cu" compound 5, J = -3.0 cm™;
the Cu’sMn! compound 6, J =-15.1 cm™. The monophenox-
ido-bridging core in 3 and 4 has been proposed after com-
parison of the structures and magnetic properties of these
two compounds with those of 2, 5 and related other com-
pounds. This paper presents rare examples of monophenox-
ido-bridged Cu™"Cu® (M = Cu, Ni, Co and Fe) compounds,
provides an understanding of the structures from magnetic
exchange integrals, and, most importantly, reports on the first
example of a cocrystal derived from a 3-methoxysalicylalde-
hyde diamine compartmental ligand.

Introduction

Molecular magnetism has been a frontier research
area.l' 19 Several magneto-structural correlations have
been established over the last few decades, and the derived
ideas in discrete systems have been utilized to develop mole-
cule-based magnetic materials.['!1 However, investigations
of the magnetic properties of systems containing new or
less-explored bridging cores is important for further en-
lightenment of the intimate relationship of spin coupling.
Trinuclear complexes, in particular, deserve attention be-
cause of the possibility of spin frustration in such systems.!
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Compartmental Schiff base ligands, which are obtained
on condensing 3-methoxysalicylaldehyde and 3-ethoxy-
salicylaldehyde with a number of diamines, have been im-
portant ligands in coordination chemistry.®2!1 A number
of mono-, di-, oligo- and polynuclear complexes have been
isolated with these ligand environments. Some of the com-
plexes have been found to exhibit interesting magnetic prop-
erties as well.[8-11]

In the mononuclear 3d compounds derived from the li-
gands 3-methoxysalicylaldehyde diamine (H,LO™¢) and 3-
ethoxysalicylaldehyde diamine (H,L°F"), a 3d metal ion oc-
cupies the N,O, cavity. In both types of ligand systems,
H,LOMe and H,L°F!, mononuclear inclusion products that
contain an encapsulated water molecule in the O4 compart-
ment are known.'l:13-16:181 However, while mononuclear
copper(Il), nickel(I) and oxovanadium(IV) com-
pounds!!3-171 derived from H,LOFi-type ligands are domi-
nated by inclusion products,['*1¢l the inclusion of water
takes place only rarely!"® in mononuclear com-
pounds! 118191 derived from H,LOM¢ type ligands. Further,
as in the mononuclear compounds, water encapsulation
also takes place in the 3d-3d systems derived from H,LOFt-
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type ligands to result in the formation of interesting exam-
ples of tetrametallic!'*'3! and heptametallic!' self-assem-
blies consisting of cocrystallized dinuclear and mononuclear
units. In these dinuclear-mononuclear cocrystals, the second
metal centre in the dinuclear core is coordinated to three
water molecules, two of which are encapsulated in two dif-
ferent mononuclear [Cu/Ni""LOE{] moieties to result in the
generation of the self-assembly products. On the other hand,
although there are several 3d-3d compounds derived from
H,LOMe_type ligands, cocrystallization does not take place in
any case.l''>!1 In fact, the second metal centre in most of the
3d-3d complexes derived from H,L°M¢ is not even coordi-
nated to water molecule. We anticipated that if the second
metal centre in the 3d-3d complexes derived from H,LOM¢ is
coordinated to a water molecule, cocrystallization might oc-
cur. With this aim, we reacted [Cu'L'(H,0)] [H,L! = N,N'-
ethylenebis(3-methoxysalicylaldimine); Scheme 1] with per-
chlorate salts of 3d metal ions. Although the second metal
centres in the monophenoxido-bridged trinuclear products
obtained therefrom are coordinated to two water molecules,
cocrystallization also does not take place in these cases.!']
The fact is that cocrystals are still not produced in the
H,LOMe ligand system, while the H,LOFt ligand system is
dominated by a number of cocrystals.'3-152% The significant
difference between the two closely related ligand environ-
ments is surprising, and we would like to explore this area
further. We were particularly interested in the 3d-3d com-
plexes derived from new or unexplored H,LOM¢ ligands,
which can be obtained by changing the diamine functionality,
to investigate whether cocrystallization is really not possible
in the H,LOMe-type ligands. Accordingly, we report here the
copper(Il) and copper(I)-Msq (M54 = Cu'l, Ni'!, Co'!, Fe!!
and Mn") complexes derived from H,L (Scheme 1), which is
the [2+1] condensation product of 3-methoxysalicylaldehyde
and trans-1,2-diaminocyclohexane.

| g 4
N OH [N OH
N OH N| OH

Hij/o\ O\
H,L H,L'

Scheme 1. Chemical structure of H,L and H,L!.

Results and Discussion

Description of the Structures of [{Cu"L},Cu"(H,0),]-
(C104); (2) and [{Cu""L},Fe" (H,0),](ClO,), (5)

Crystal structures of 2 and 5 are shown in Figures 1 and

2, respectively, while selected bond lengths and angles of these
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two compounds are listed in Tables 1 and 2, respectively.
These two compounds are isostructural; both crystallize in
the C2/c space group with almost identical unit cell param-
eters. One half of both the structures is symmetry related to
the other half because of the presence of a crystallographic
twofold axis. The structures reveal that compounds 2 and 5
consist of the triangular, trinuclear Cull-
MU"Cu" dication, [{Cu"L},M"(H,0),]*" [M = Cu (2) and
Fe (5)], and two perchlorate anions. In each of the trinuclear
dications, a central metal ion, Cu' or Fe'!, is coordinated to
one phenoxido oxygen atom and one methoxy oxygen atom
of each of the two symmetry-related [Cu'L] moi-
eties, [Cu'(1)L] and [Cu(1C)L]. In the [Cu'L] moieties, ob-
viously, the metal centre is coordinated to two imine nitro-
gen atoms and two phenoxido oxygen atoms of the N,O,
compartment of [L]*". On the other hand, the central metal
ion is hexacoordinated; in addition to two bridging phen-
oxido and two methoxy oxygen atoms, two water molecules
are coordinated to this metal centre. Two pairs of metal
ions, Cu(1)---Cu(2)/Fe(1) and Cu(1C)---Cu(2)/Fe(1), in the
trinuclear cores are monophenoxido-bridged, while the

cu7
/SN
1)

&
C

S|

\)j
ctioc)

Figure 1. Crystal structure of [{Cu''L},Cu"(H,0),](ClOy4), (2).
Perchlorate anions and hydrogen atoms are omitted for clarity. Of
the two disordered positions of the six carbon atoms of the cyclo-
hexane ring, one is shown. Symmetery code: C, -1 — x, y, 0.5 — z.

Figure 2. Crystal structure of [{Cu''L},Fe''(H,0),](ClO,); (5). Per-
chlorate anions and hydrogen atoms are omitted for clarity. Of the
two disordered positions of the four carbon atoms of the cyclohex-
ane ring, one is shown. Symmetery code: C, 2 — x, y, 0.5 — z.
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metal centres Cu(1) and Cu(1C) are not interlinked by any
bridge. Clearly, in the trinuclear arrangement, Cu(2)/Fe(1)
can be considered as the central metal ion, whereas Cu(1)
and Cu(1C) can be considered as terminal metal ions. In 2,
the Cu(1)--Cu(2), Cu(1C)--+Cu(2) and Cu(l)--Cu(1C) dis-
tances are 3.42, 3.42 and 3.82 A, respectively, while the
Cu(1)**Cu(2)-*Cu(1C),Cu(1)++Cu(1C)*-*Cu(2)andCu(1C)--
Cu(1)-Cu(2) angles are 67.8, 56.1 and 56.1°, respectively.
In 5, The Cu(1)--Fe(1), Cu(1C)-+Fe(1) and Cu(1)-+Cu(1C)
distances are 3.53, 3.53 and 3.76 A, respectively, while the
Cu(1)-Fe(1)-*Cu(1C), Cu(1)-*Cu(1C)---Fe(1) and Cu(1C)---
Cu(1)---Fe(1) angles are 64.2, 57.9 and 57.9°, respectively.
Evidently, the trinuclear arrangement of the three metal
ions in 2 and 5 is triangular, and the Cu'; and Cu"Fe""Cu!!
triangles may be considered as approximately equilateral.

Table 1. Selected bond lengths [A] and bond angles [°] in the
coordination environment of the copper(Il) centres in
[{Cu'"L},Cu"(H,0),](Cl0y4), (2). Symmetry code: C, -1 — x, y,
0.5-z

Bond lengths

Bond angles

Cu(1)>0(1)  1.902(4) O(1)-Cu(1)N@2)  174.02)
Cu(1)0(2)  1.944(3) N(1)-Cu(1)-0(2)  175.96(19)
Cu(l) N()  1.926(5) O(1)-Cu(1)-N(1)  94.14(18)
Cu(1) N(@2)  1.939(5) O(1)-Cu(1)0(2)  89.23(14)
Cu(2)0(2)  2.0704) OQ)Cu(l)N@2)  93.56(17)
Cu(2)-0(4)  2.3604) N(1)Cu(1)N(2)  83.3Q2)
Cu(2-0(5)  1.909(4) O(5)-Cu(2)-O(5C)  170.2(3)
0(2)-Cu(2)-O(4C)  162.80(15)
0(2)-Cu(2)-0(2C)  126.0(2)
0(2)-Cu(2)-0(4)  71.20(15)
0(2) Cu(2)-0(5)  92.12(17)
0(2)-Cu(2)-0(5C)  92.32(17)
O(4)-Cu(2)-0(4C)  91.6(2)
0(4)-Cu(2)-0(5)  85.57(18)
0(4)-Cu(2)-0(5C)  87.61(18)
Cu(1)-0(2)-Cu(2)  117.11(18)

Table 2. Selected bond lengths [A] and bond angles [°] in the
coordination environment of the metal(Il) centres in
[{Cu'"'L},Fe"(H,0),](ClOy4), (5). Symmetry code: C, 2 — x, y,
0.5 -z

Bond lengths Bond angles

Cu(l)-O(1)  1.889(7)  O(1)-Cu(1)N(@2)  173.5(3)
Cu(1)-0(2)  1.9356)  N(1)-Cu(1)-0(2)  175.6(3)
Cu(l) N(1)  191709)  O(1)-Cu(1) N(1)  94.6(3)
Cu(1)N(2)  19198)  O(1)-Cu(1):O(2)  89.3(3)
Fe(1)-O0(2)  2.130(6)  O(2)-Cu(1) N(2) 94.2(3)
Fe(1)-O(4)  22526)  N(1)-Cu(1)-N(2)  82.1(4)
Fe(1)-O(5)  2.052(7)  O(2)-Fe(1)-O(4C) 170.3(2)
0(5)-Fe(1)-O(5C)  170.7(4)
0(2)-Fe(1)-0(2C)  117.5(3)
0(Q2)-Fe(1)04)  72.2(2)
0(Q2)-Fe(1)-0(5)  93.1(2)
0(2)-Fe(1)-O(5C)  91.8(2)
O(4)-Fe(1)-0(4C)  98.1(4)
O(4)-Fe(1)-0O(5)  87.0(3)
O(4)-Fe(1)-O(5C)  86.9(3)
Cu(1)-O(2)-Fe(1)  120.6(3)

In the salen type N,O, compartment, the two Cu-N
bond lengths in both compounds are almost identical
[Cu(1)-N(1) = 1.926(5) A and Cu(1)-N(2) = 1.939(5) A in
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2, Cu(1)-N(1) = 1.917(9) A and Cu(1)-N(2) = 1.919(8) A
in 5]. Of the two Cu-O(phenoxido) bonds, that involving
the bridging phenoxido oxygen atom [Cu(l1)-O(2) =
1.944(3) A in 2, Cu(1)-O(2) = 1.935(6) A in 5] is slightly
longer than that involving the monodentate phenoxido oxy-
gen atom [Cu(1)-O(1) = 1.902(4) A in 2, Cu(1)-O(1) =
1.889(7) A in 5]. The ranges of the cisoid [83.3(2)-94.14(18)°
in 2, 82.1(4)-94.6(3)° in 5] and transoid [174.0(2)-
175.96(19)° in 2, 173.5(3)-175.6(3)° in 5] angles deviate only
slightly from the ideal values. Both the average deviation
(0.065 A in both) of the donor centres and the displacement
(0.024 A in 2 and 0.026 A in 5) of the metal ion from the
least-squares N,O, plane are very small. All these structural
parameters indicate that the environment of Cu(1) in 2 and
5 is only slightly distorted from an ideal square-planar
geometry.

As already mentioned, the central metal ion, M [M =
Cu(2) in 2 and Fe(1) in 5], is hexacoordinated to two bridg-
ing phenoxido, two methoxy and two water oxygen atoms.
The three types of bond lengths are significantly different;
the order of bond lengths are M—O(methoxy) [Cu(2)-O(4)
2.360(4) A, Fe(1)-O(4) 2.252(6) A] > M-O(phenoxido)
[Cu(2)-0(2) 2.070(4) A, Fe(1)-0O(2) 2.130(6)A] > M-
O(water) [Cu(2)-O(5) 1.909(4) A, Fe(1)-O(5) 2.052(7) Al.
The wide range in the bond lengths [1.909(4)-2.360(4) A in
2, 2.052(7)-2.252(6) A in 5] as well as much of the deviation
of both the transoid angles [162.80(15) and 170.2(3)° in 2,
170.3(2) and 170.7(4)° in 5] and the cisoid angles [71.20(15)—
126.0(2)° in 2, 72.2(2)-117.5(3)° in 5] from the ideal values
are indicative that the coordination environments of the
central metal ion are significantly distorted from ideal octa-
hedral geometry. However, comparatively the smaller ran-
ges in the cisoid angles and the bond lengths for Fe(1) indi-
cate that the environment of this metal centre in 5 is slightly
less distorted than that of Cu(2) in 2. The two donor centres
[O(4) and O(4C)], which involve longer metal-ligand bond
lengths, occupy two cis positions, and therefore the coordi-
nation environments of Cu(2) in 2 and Fe(l) in 5 are not
tetragonally elongated octahedra, as usually observed. Of
the three possible O4 basal planes, O(2)0(2C)0(4)0(4C) is
the best and the right choice because the average deviation
of the four oxygen atoms (0.021 A for 2 and 0.011 A for 5)
and the displacement of the metal centre from the least-
squares Oy plane (0.000 A for both) is either very small or
zero; from the two other possible basal planes, the values
of both the average deviation of the four oxygen atoms
(0.100 A for 2 and 0.025 A for 5) and the displacement of
the metal ion (0.230 A for 2 and 0.159 A for 5) are signifi-
cantly greater. Clearly, two water oxygen atoms [O(5) and
O(5C)], occupy the axial positions, while two bridging
phenoxido [O(2) and O(2C)] and two methoxy [O(4) and
0O(4C)] oxygen atoms occupy the equatorial positions. Inter-
estingly, the axial bond lengths [1.909(4) A for 2 and
2.052(7) A for 5] are much shorter than the basal bond
lengths [2.070(4)-2.360(4) A for 2 and 2.130(6)-2.252(6) A
for 5], and therefore, the coordination environments of
Cu(2) and Fe(l) are tetragonally compressed octahedrals,
instead of the frequently observed tetragonally elongated
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octahedral geometry. However, the tetragonally compressed
octahedral environment is not unusual.l*?

As the terminal metal ions, Cu(l) and Cu(1C) are sym-
metry related, the two pairs of monophenoxido-bridging
cores are identical. In 2, the values of the Cu—phenoxido—
Cu bridge angle, the Cu(terminal)---Cu(central) distance,
and the dihedral angle () between the basal plane of the
central metal ion and the square plane of the terminal metal
ion are 117.11(18)°, 3.42 A, and 39.9°, respectively, while
the corresponding parameters for 5 are 120.6(3)°, 3.53 A,
and 32.3°, respectively. As the ¢ values are 39.9° for 2 and
32.3° for 5, the monophenoxido-bridging cores in both the
compounds are significantly twisted.

It is relevant to compare the structure of 2 and 5 with
those of the related compounds [{Cu''L'},Cu(H,0),]-
(Cl104),'H,0 (7) and [{Cu'"L'},Fe''(H,0),](Cl0y4),"H,O (8)
derived from N,N’-ethylenebis(3-methoxysalicylaldimine)
(H,L1).I21 All of the four compounds 2, 5, 7 and 8 are tri-
angular, trinuclear Cu"M"Cu"! compounds (M = Cu or
Fe), in which the two terminal---central metal ion pairs are
monophenoxido bridged. The coordination environments
of the terminal and central metal ions consist of the same
set of atoms in both the compounds as well. However, while
the arrangement of the three metal ions in 2 and 5 can be
approximated as an equilateral triangle, the three metal ions
in 7 and 8 define an isosceles triangle. In 7 and 8, two water
molecules coordinate to the central metal ion in two cis
positions, and therefore, the water molecules are involved
in hydrogen-bonding interactions with the phenoxido and
methoxy oxygen atoms. In contrast, the two coordinated
water molecules in 2 and 5 occupy two trans positions, and
therefore, these cannot interact with any oxygen atom of
the O4 compartment. In fact, no intermolecular interaction
involving the water molecules and O4 compartment takes
place. Again, the coordination environment of the central
metal ion in 7 and 8 is elongated octahedral, as expected
because of the Jahn—Teller distortion; the long axial bonds
involve two methoxy oxygen atoms. In contrast, the coordi-
nation environment of the central metal ion in 2 is a tetra-
gonally compressed octahedral. The Cu-phenoxido—Cu
bridge angle in 2 [117.11(18)°] is not very different than
those in 7 [129.84(13) and 121.10(12)°]. On the other hand,
the Cu—phenoxido—Fe bridge angle in 5 [120.6(3)°] can be
considered as almost identical to those in 8 [121.15(16) and
122.76(16)°]. However, the trinuclear cores in all the four
complexes are significantly twisted (0 = 39.9° in 2, 36.3°
and 58.5°in 7, 32.3° in 5, 49.7-75.1° in 8).

Description of the Structure of [{Cu"LMn"(H,0);}-
{Cu'"L},](C104),'H,0 (6)

The crystal structure of 6 is shown in Figure 3, while se-
lected bond lengths and angles are listed in Table 3. The
structure consists of one diphenoxido-bridged, dinuclear di-
cation with a composition of [CuLMn'(H,0);]**, two
mononuclear copper(Il) moieties of composition [Cu''L],
two perchlorate anions and one water molecule as solvent
3128
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of crystallization. In the two mononuclear [Cu'"L] moieties,
obviously, the metal centre is coordinated to the two imine
nitrogen atoms and the two phenoxido oxygen atoms. In the
dinuclear [Cu'LMn'(H,0)s]** moiety, copper(Il) occupies
the salen-type N>,O, compartment, while manganese(II) is
present in the open and larger O, compartment. The man-
ganese(Il) centre is pentacoordinated; in addition to two
bridging phenoxido oxygen atoms, three water molecules
coordinate to this metal centre. The methoxy oxygen atoms
remain uncoordinated.

C(33A)

g T =)
c136)&3 0)\\ //0) C(4
C138) @} » ’
0(5)
o4 C22)

B B
U

!;'is g
C(8) N

Crystal structure of [{CuLMn"(H,0);}{Cu"L},]-
(ClOy4)>'H>0O (6). Perchlorate anions, solvated water molecule and
hydrogen atoms, except for those involved in hydrogen bonding,
are omitted for clarity. Of the two disordered positions of the six
carbon atoms of a cyclohexane ring, one is shown.

Figure 3.

There are three copper(II) centres in the salen-type com-
partments. The Cu—N/O bond lengths are not very different
and vary between 1.887(4) and 1.927(5) A. However, the
Cu-N bond is slightly longer than its trans Cu—O bond.
The ranges of the cisoid angles in the coordination environ-
ment of the three metal ions are almost identical [82.82(16)—
95.2(2)° for Cu(1), 84.5(2)-93.7(2)° for Cu(2) and 84.5(2)—
93.7(2)° for Cu(3)]. However, in comparison to the transoid
angles for Cu(l) and Cu(2) [176.0(2)-178.0(2)°], those for
Cu(3) [171.6(2) and 173.7(2)°] are slightly more deviated
from the ideal value. The displacements of the metal ion
from the corresponding least-squares N,O, planes are very
small (0.000-0.043 A) for all three cases. However, from the
square planes, the deviation of 0.021 A of the donor centres
for Cu(3) is more than those for Cu(1l) and Cu(2) (0.000—
0.016 A). Clearly, all three coordination environments are
slightly distorted from ideal square-planar geometry; the
distortion of the Cu(3) environment is slightly more than
the two others.

As already mentioned, the manganese(II) ion, Mn(1), in
the dinuclear unit adopts a five-coordinate MnOs coordina-
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Table 3. Selected bond lengths [A] and angles [°] in the coordina-
tion environment of the metal centres in [{Cu'LMn!'(H,0);}-
{Cu'L},](Cl04),-H,O(6).

Bond lengths

Bond angles

Cu(l)-O(1)  1.897(4)  O(1)-Cu(1)N(2)  178.0(2)
Cu(1)-0(2)  1.887(4)  N(I)-Cu(1)-0(2)  177.88(18)
Cu(l)N(1)  1.926(5)  O(1)-Cu(1)N(1)  95.11(18)
Cu(1)N(2)  1.9095)  O(1)-Cu(1):0(2)  82.82(16)
Cu@2)N(3)  1915(5)  O(Q2)Cu(1)N@2)  95.2(2)
Cu@2) N@4) 191265  N(I)-Cu(I) N(2)  86.9(2)
Cu2)-0@8)  1.8954)  N(3)-Cu(2-009)  177.22)
Cu2)-0(9)  1.8994)  N@)-Cu(2-0@®)  176.0(2)
CuB3)-N(5)  1.922(5)  N@3)-Cu(2-0@®)  93.7(2)
Cu(3)-N(@©6)  1.9275)  N(3)-Cu(2)-N@)  84.502)
Cu(3)-0(12)  1.896(4)  N(@4)-Cu(2-009)  93.3(2)
Cu(3)-0O(13)  1.900(4)  O(8)-Cu(2)-0(9)  88.61(18)
N(5)-Cu(3)-0(13)  173.7(2)
N(6)-Cu(3)-0(12)  171.6(2)
N(5)-Cu(3)-0(12)  93.7(2)
N(5)-Cu(3)-N(@6)  84.52)
N(6)-Cu(3)-O(13)  92.9(2)
0(12)-Cu(3)-0(13)  89.64(18)
Mn(1)-O(1)  2.1984)  O(5)-Mn(1)-O(6)  172.90(13)
Mn (1) OQ2) 2.188(4)  O(1) Mn(1)-O(2)  69.59(14)
Mn(1)-O(5)  2.1734)  O(1)Mn(1)-O(5)  94.76(13)
Mn(1)-O(6)  2.188(4)  O(1)Mn(1)-O(6)  92.33(14)
Mn(1)-O(7)  2.1454)  O(1) Mn(1)-O(7)  142.47(16)
0(2)- Mn(1)-O(5)  89.98(14)
0(2)-Mn(1)-O(6)  92.84(13)
0(2) Mn(1)-O(7)  146.87(17)
0(5)-Mn(1)-O(7)  80.76(13)
0(6)-Mn(1)-O(7)  93.38(14)
Cu(1)-O(1)-Mn(1)  103.37(18)
Cu(1)-0(2)-Mn(1)  104.12(18)

tion environment with the two bridging phenoxido oxygen
atoms [O(1) and O(2)] and three water oxygen atoms [O(5),
O(6) and O(7)]. Although the Mn-O(water) bonds
[2.145(4)-2.188(4) A] are slightly shorter than the Mn—
O(phenoxido) bonds [2.188(4)-2.198(4) A}, the difference in
the shortest and longest bonds is only ca. 0.05 A. The t
value in the MnOs environment is 0.434, which indicates
that coordination geometry is intermediate between square
pyramidal and trigonal bipyramidal. For the square-pyram-
idal geometry, the phenoxido oxygen atom O(1) occupies
the apical position, whereas the remaining phenoxido oxy-
gen atom, O(2), and the three water oxygen atoms, O(5),
0O(6) and O(7), define the basal plane. Both the transoid
angles [142.47(16) and 146.87(17)°] in the basal plane devi-
ate greatly from the ideal value. Again, the range in all the
cisoid angles is significantly wide [69.59(14)-142.47(16)°],
which indicates appreciable distortion of the coordination
environment. The average deviation of the four oxygen
atoms and the displacement of the metal ion from the least-
squares O(2)0(5)0(6)0(7) plane are 0.246 and 0.352 A,
respectively, which are in line with a large distortion. For
the trigonal-bipyramidal coordination geometry, two phe-
noxido oxygen atoms, O(1) and O(2), and one water oxygen
atom, O(7), define the triangular plane, and the other two
water oxygen atoms, O(5) and O(6), are in the apical posi-
tions. Although the bond angle [172.90(13)°] involving the
apical atoms does not deviate much from 180°, the O-Mn—
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O angles involving the donor centres in the triangular plane
vary greatly [69.59(14)-146.87(17)°], which indicates that
the trigonal-bipyramidal geometry is significantly distorted.
The copper(IT)---manganese(IT) separation in the dinuclear
core is 3.218 A, while the phenoxido bridge angles Cu(1)—
O(1)-Mn(1) and Cu(1)-O(2)-Mn(1) are 103.37(18) and
104.12(18)°, respectively. Considering the square-pyramidal
geometry of the manganese(Il) centre, the dihedral angle
between the basal O, plane of this environment and the
square N>O, plane of the Cu(1) environment is 88.7°, which
indicates significant twisting of the bridging core.

Of the three coordinated water molecules, H,O(5) and
H,O0(6) are encapsulated in the O4 compartment of two dif-
ferent mononuclear [Cu"L] moieties, [Cu"(2)L] and
[Cu(3)L], by forming bifurcated hydrogen bonds with the
phenoxido and methoxy oxygen atoms (Figure 3). The geo-
metries of the hydrogen bonds are summarized in Table 4.
As the donor--acceptor contacts lie in the range 2.82-
3.01 A, the hydrogen bonds can be considered as moder-
ately strong. The oxygen atom of the encapsulated water
molecules H>O(5) and H,O(6) are displaced by 1.00 and
1.19 A, respectively, from the corresponding least-squares
0, plane, which indicates that the extent of encapsulation
is not strong.

Table 4. Geometries (distances in A and angles in °) of the hydro-
gen bonds responsible for the encapsulation of water in
[{Cu"LMn"(H,0)5} {Cu''L},](C104)>'H,0 (6).

D-H--A DA H--A D-H--A
O(5)-H(5A)+0(8)  2.840 2.000 104.6
O(5)-H(5A)-0(10)  2.940 2.098 141.3
O(5)-H(5B)~0(9)  2.816 2.019 1375
O(5)-H(5B)--O(11)  2.846 2.012 142.2
O(6)-H(6A)+0(12)  2.789 1.899 141.0
O(6)-H(6A)0(14)  3.009 2.176 135.2
O(6)-H(6B)O(13)  2.844 2.174 123.9
O(6)-H(6B)-O(15)  3.009 2.072 158.3

Clearly, compound 6 is a [2X1+1X2] cocrystal of one
dinuclear and two mononuclear units. Two other similar
Cu'sMn"" compounds, [{Cu"L?Mn"(H,0);}{Cu'"L?},]-
(Cl04), 9" and [{Cu"L*Mn"(H,0);}{Cu"'L*},](ClO,),*
H,0-CH;COCH; (10),I'3 derived from N,N’-ethylenebis(3-
ethoxysalicylaldimine) (H,L?) and N,N’-o-phenylenebis(3-
ethoxysalicylaldimine) (H,L?), respectively, have been pre-
viously reported. It may be mentioned that all the structural
parameters of the coordination environments and bridging
core in 6 are almost identical to those in compounds 9 and
10.

Syntheses, Characterization, Composition and Proposed
Structures

Reactions of [Cu''L] with perchlorate salts of copper(1l),
nickel(II), cobalt(Il) and iron(II) produce trinuclear com-
pounds [{Cu"L},M"(H,0),](ClO,),-nH,O [2 (M = Cu, n
=0,3M=Ni,n=3),4M=Co,n=0),5(M =Fe, n
= 0)]. It has been possible to determine the single-crystal
X-ray structure of compounds 2 and 5, which have mono-
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phenoxido-bridged, trinuclear, triangular arrangement of
the three metal ions. Elemental analyses of compound 2
and 5 as well as of compounds 3 and 4 are well matched
with those of trinuclear systems with the composition
[{Cu"L},Cu'(H,0),](ClO,),'nH,0 (n = 0 or 3), which in-
dicates a similar type of trinuclear composition for all of
these four compounds. The variable-temperature magnetic
susceptibility data also fit well to data produced by using
trinuclear models (vide infra). It may be mentioned that the
composition of the products obtained on reacting [Cu''L!]
with perchlorate salts of copper(II), nickel(II), cobalt(II)
and iron(I) are also similar, with the composition
[{Cu'L"} ,M'(H,0),](Cl04),'nH,O [T (M = Cu, n = 1), 8
(M =Fe,n=0), 11 (M = Ni, n=0), 12 (M = Co, n = 0)].[1Z]
As already discussed, although both the Cu'; compounds 2
and 7 and both the Cu""Fe""Cu"" compounds 5 and 8 have
monophenoxido-bridged trinuclear cores, two water mole-
cules in 2 and 5, derived from H,L, and in 7 and 8, derived
from H,L!, coordinate in the trans and cis positions, respec-
tively, of the central metal ion. The CuM!Cu' com-
pounds 11 [M = Ni], and 12 [M = Co] also have mono-
phenoxido-bridged trinuclear cores with two water mole-
cules coordinated in the cis positions of the central metal
ion. As the structures of the compounds 2 and 5 and those
of compounds 7, 8, 11 and 12 have monophenoxido-
bridged cores, it will be a logical assumption that the trinu-
clear cores in the Cu"™M"Cu! compounds 3 [M = Ni] and 4
[M = Co] are also monophenoxido-bridged. However, with
regard to the coordination of the two water molecules in
either cis or trans positions of the central metal ion in 3
and 4, no assumption should be made.

The composition of the reaction product obtained on re-
acting H,L with Mn(ClOy,),-6H-0O is different to the trinu-
clear composition of the compounds obtained on reacting
either H,L or H,L' with perchlorate salts of copper(Il),
nickel(IT), cobalt(IT) and iron(IT). The elemental analyses of
this copper(Il)-manganese(I) compound are well matched
with the composition [{ Cu"LMn"(H,0);} {Cu'"L},](ClO,):
H,O (6), which has been verified from its single-crystal X-
ray structure. On the other hand, it has not yet been pos-
sible to isolate an analytically pure copper(IT)-manga-
nese(II) compound derived from H,L!.

The mononuclear compound [Cu'LC(H,0)] (1) exhibits
two medium intensity bands at 3537 and 3502 cm™!, which
can be assigned to the asymmetric and symmetric stretching
of the water molecule. As the two stretching bands are sepa-
rated, it seems that the water molecule in this compound is
encapsulated in the O4 compartment by forming hydrogen
bonds with the phenoxido and methoxy oxygen atoms.[!?]
The stretching bands of the water molecules in 2-6 appear
as a medium intensity broad bands centred at 3355, 3386,
3406, 3362 and 3385 cm!, respectively. Four medium or
weak intensity bands in the range 2853-3051 cm™! in the
spectrum of 1 and three medium or weak intensity signals
in the range 2837-3067 cm™! in the spectra of 2-6 can be
assigned to C—H vibrations. The characteristic strong C=N
stretching in 1-6 vary between 1625 and 1631 cm™'. The
presence of perchlorate groups in 2-6 is indicated by the
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appearance of two strong intensity bands in the ranges
1064-1084 cm™ and 1087-1118 cm™' and a weak intensity
band in the range 623-627 cm .

Magnetic Properties

Variable-temperature (2-290 K) ym7 vs. T plots for com-
pounds 2-6 are shown in Figure 4. For the Cu'; (2) and
CusMn"" (6) compounds, the observed yyT values at
290 K (0.98 and 5.20 cm*mol ' K, respectively) is less than
the theoretical y\ 7 values expected for isolated paramag-
netic centres (1.13 and 5.50 cm®>mol 'K, respectively). In
contrast, in the cases of the Cu"™Ni''Cu'" (3), Cu'Co''Cu'"
(4) and Cu'"Fe""Cu'" (5) compounds, the observed yy T val-
ues at 290 K (1.96, 3.63 and 4.26 cm>*mol ! K, respectively)
are greater than the theoretical y\7 values expected
for isolated paramagnetic centres (1.75, 2.63 and
3.75 cm®*mol ' K, respectively). On lowering the tempera-
ture from 290 K, the y\7 value for all five complexes 2—
6 decreases to 0.38, 0.01, 0.36, 1.12 and 3.21 cm®*mol 'K,
respectively, at 2 K. The yuT vs. T profiles of 2—-6 indicate
the existence of weak antiferromagnetic interactions in
these systems.

55
50F
45¢
40F
35 i P
30F
25¢
20¢

v cm’ mol' K

1.5E
1.0E
0.5 o

0.0 Fes
| IR S

0 50

TN T T ST '
150 200 250
T/K

P B Ll
100 300

Figure 4. ymT vs. T plots for the compounds Cu''y (2), Cu''Ni''Cu!
(3), Cu'Co"'Cu'! (4), Cu""Fe''Cu'! (5) and Cu''sMn'" (6). The solid
lines represent the corresponding simulated curves.

As already discussed, the two pairs of terminal---central
metal ions in the Cu'; (2) and Cu"Fe"Cu'" (5) compounds
are monophenoxido-bridged with identical metrical param-
eters for both terminal---central pairs in both compounds,
while the two terminal metal ions are not interlinked by any
bridge. Therefore, the magnetic exchange interaction be-
tween the two pairs of terminal and central metal ions in 2
and 5 should be identical, while the interaction between the
two terminal ions may be considered as negligible. It has
also already been discussed that the trinuclear cores in the
Cu""Ni""Cu'" (3) and Cu""Co"Cu'" (4) compounds may be
approximated as being similar to those in 2 and 5. There-
fore, the exchange pathways in 3 and 4 may be considered
as being similar to those in 2 and 5. Clearly, the magnetic
behaviour of the Cu'; (2) compound can be modelled by
the Hamiltonian Equation (Equation 1). On the other
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hand, by considering the single-ion zero-field effect of Ni',
Co™ and Fe, the magnetic behaviour of the Cu™™"Cu!!
(3-5) compounds can be modelled by the Hamiltonian
Equation (Equation 2).

H = -2J(S;S> + $»S5) )
H = -2J(Sy°S + 83:83) + D(S2,)-1/3[Sx(S + 1)] ®)

With these models, the susceptibility data were fitted by
using the program JULX.[>3 A fixed value for the tempera-
ture-independent paramagnetism (77P) for a particular
complex was used in the simulations. Again, as required,
the Weiss constant (f) parameter was used in the case of
the Cu"; (2) compound. As shown by the solid lines in
Figure 4, the susceptibility data are well simulated with the
following sets of converging parameters: Cu'y (2) J =
-789cm™, g = 213, § = -0.186K, TIP = 180X
10°° cm®*mol !; CuNi''Cul! (3) J = 228 cm !, g = 2.227,
|D| =0.053 cm™!, TIP = 220 X 10°° cm®*mol!; Cu''Co''Cu!!
4)J=-79cm™, g =2.459,|D|=8.199 cm™!, TIP = 220 X
10 cm?mol!; Cu"Fe''Cu'! (5) J = 3.0cm™!, g = 2.156,
D] = 0.002cm ™!, TIP = 120X 10°°cm*mol . It may be
mentioned that if D in 4 and 0 in 2 are not considered in
the simulations, the values of J and g remain almost iden-
tical, but the calculated profiles deviate from the observed
data in the lower-temperature region, below 10 K for 4 and
below 60 K for 2.

In the case of the Cu"sMn'" (6) compound, although the
copper(Il) and manganese(Il) ions in the dinuclear core
should be coupled, the magnetic exchange interactions be-
tween the manganese(Il) ion in the dinuclear core and the
copper(Il) ions in the two mononuclear moieties should
either be negligible or weak because these metal ions are
separated, Cu(mononuclear)-O(phenoxido)---H-O(water)—
Mn(dinuclear), and the Mn(dinuclear)---Cu(mononuclear)
separations are significantly longer, 4.08 and 5.01 A. By
considering a molecular field approximation (zJ') for
the possible weak Cu(mononuclear)-O(phenoxido)--H-
O(water)-Mn(dinuclear) interaction and the same value for
the magnetic moment (uc,) of the copper(Il) centres in the
mononuclear fragments, the theoretical expression for the
molar magnetic susceptibility (ys) of a system with one ex-
change-coupled Cu"™™n"" (H = -2J5,-S,) and two mono-
nuclear copper(Il) moieties can be derived as Equa-
tion (3).[1319]

X

e 22 VB 3)

where

L 7997y, T +2p,
. 7.997T

and

_ NB’g? 10+28¢*'*
O L

As shown by the solid lines in Figure 4, the observed
susceptibility data of compound 6 fit well to Equation (3)
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and result in J = -152cm™!, g = 2.000, zJ' = —0.05cm™!,
lew = 1.73 BM. (fixed) and TIP = 180X 107° cm?*mol™!
(fixed). It may be mentioned that if zJ' is not considered
in the simulation, the values of J and g change slightly to
~12.8 cm™! and 1.97, respectively. However, the matching of
the observed and calculated data in the lower-temperature
region, below 15 K, is poor in the simulation that does not
take zJ' into account.

To the best of our awareness, both the single-crystal X-
ray structures and the magnetic properties of the three
monophenoxido-bridged Cu''; compounds have been re-
ported previously.['>?*l Of these three, the structure of
[{Cu"L"},Cu'(H,0),](ClO4)»*H,O (7) is comparable to
that of [{Cu"L},Cu"(H,0),](ClO,), (2); as already dis-
cussed, the bridging cores of both are twisted by an almost
identical extent.['? In 7, the two J values of —-97.6 cm ! and
—89.5 cm™! correspond to the bridge angles 129.84(13) and
121.10(12)°, respectively. The Cu—O(phenoxido)-Cu bridge
angle [117.11(18)°] in the two symmetry-related exchange-
coupled pairs in 2 is slightly less than those in 7, and there-
fore the slightly weaker antiferromagnetic interactions in 2
(J = —78.9 cm™!) than those in 7 are in excellent agreement
with the dependency of the exchange integral on the bridge
angle for systems with identically twisted bridging moieties.

As already discussed, in spite of the cis vs. trans coordi-
nation modes of the two water molecules, both the phe-
noxido bridge angles (¢) and the dihedral angles (J) between
the square plane of the terminal metal ion and the basal
plane of the central metal ion are not very different in the
two Cu''y compounds 2 and 7 derived from H,L and H,L!,
respectively.'?! It has also already been discussed that the
phenoxido bridge angles in the two Cu"Fe""Cu'' com-
pounds 5 and 8, derived from H,L and H,L!, respectively,
are almost identical. Again, the trinuclear cores in both 5
and 8 are significantly twisted. Moreover, the phenoxido
bridge angle and the twisting of the bridging cores in all
the structurally characterized monophenoxido-bridged tri-
nuclear compounds derived from H,L and H,L' are com-
parable: 2 (Cu'ly) 6 = 117.11(18)°, § = 39.9%; 7 (Cu'ly), 0 =
129.84(13)° and 121.10(12)°, § = 36.3° and 58.5°; 5 (Cull-
Fel'Cu'ly 0 = 120.6(3)°, 6 = 32.3°; 8 (Cu''Fe''Cu') 0 =
121.15(16) and 122.76(16)°, § = 49.7-75.1°; 11 (Cu"Ni'-
Cu') 0 = 123.18(12) and 125.72(12)°, 6 = 47.6-58.5°; 12
(Cu'Co'Cu™) 6 = 122.02(16) and 124.20(16)°, § = 48.4—
58.8°.[121 Because of all these structural similarities, it seems
that the bridge angles and extent of twisting in the Cu''-
Ni'"Cu"! (3) and Cu''Co™"Cu'" (4) compounds derived from
H,L should be very close to those in the corresponding
compounds 11 and 12, respectively, derived from H,L!.[1Z]
This structural similarity actually exists because the values
of the exchange integral for the two structurally charac-
terized Cu"Fe"Cu'" compounds (5 and 8) as well as for the
corresponding Cu™M"Cu!! compounds (M = Ni and Co)
derived from the two ligands are very close (J = -22.8 cm™!
for 3 and 254cm™! for 11; J = —7.8cm™! for 4 and
—9.0cm ! for12; J=-3.0cm ! for 5 and —6.5 cm ™! for 8).1?I
In both the series, as expected from the symmetry of the
magnetic orbitals, the order of the magnitude of the antifer-
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romagnetic interactions is Cu'y > Cu™Ni"Cu" > Cu'-
Co''Cu' > Cu"Fe"Cu'" and can be explained on the basis
of magnetic orbitals.'?) On the other hand, the J value of
—15.1cm™! in the dinuclear Cu'Mn" core in the self-as-
sembled Cu"sMn'! (6) compound does not fit, in the order
of the exchange integrals of the trinuclear compounds be-
cause of the difference in the structures. However, the na-
ture and extent of interactions in 6 are almost identical with
those in the similar two previously published [2X1+1X2]
compounds, [{CuL>Mn"(H,0);}{Cu"L?},](CIO4), (9)
and  [{Cu"L3Mn"(H,0)s} {Cu""L3},](CIO,),"H,0-CH;-
COCHj; (10), derived from H,LFt-type ligands.[!3-13]

Conclusions

As far as we know, compound 2 is among a few rare
examples of monophenoxido-bridged tricopper(Il) com-
pounds. On the other hand, the monophenoxido-bridged
Cu™™!"Cu!! compounds 3-5 are only the second examples
of such systems. All these four compounds 2-5 exhibit weak
or moderate antiferromagnetic interactions. Although the
crystal quality of 5 was not good, the structure determined
is unambiguous. Again, although it has not been possible
to get diffraction quality crystals of 3 and 4, their structures
have been qualitatively understood from comparison of the
structures and magnetic behaviour of related compounds.
A qualitative understanding of the structure of 5 could also
be made in a similar way. While magneto—structural corre-
lations are mainly focused to correlate exchange integrals
with structural parameters, the trinuclear series derived
from H,L and H,L' demonstrate nice examples for corre-
lating the structures, at least the bridging cores, and the
magnetic properties.

The main objective of the present investigation was to
explore the 3d-3d dimetallic compounds derived from 3-
methoxysalicylaldehyde diamine Schiff base ligands with an
aim to explore whether, similar to that in complexes derived
from 3-ethoxysalicylaldehyde diamine ligands, the second
metal ion could be coordinated to a water molecule, which,
in turn, may interact with the phenoxido and methoxy oxy-
gen atoms to result in the formation of dinuclear-mononu-
clear cocrystals. Although the second metal centres in all of
the compounds 2-6 contain coordinated water molecules,
compounds 2-5 are not cocrystals but discrete trinuclear
systems. On the other hand, the Cu';sMn'" compound 6 is
a [2X1+1X2] cocrystal of one dinuclear and two mono-
nuclear units. Although several cocrystals have been stabi-
lized in the H,LC*! ligand environment, compound 6 repre-
sents the sole example of a cocrystal with the H,LOMe li-
gand system, which is the major outcome of the present
investigation. It may be mentioned that, in contrast to a
large number of organic cocrystals, cocrystals of metal
complexes are only a few.'3'3] Further, the design of
cocrystals of metal complexes is not an easy task,['3~!3 and,
therefore, stabilization of the first cocrystal (6) in a H,LOMe
ligand system is an important observation. More complexes
derived from H,L are being explored in our laboratory,
which will be published elsewhere.
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Experimental Section

Materials and Physical Methods: All reagents and solvents were
purchased from commercial sources and used as received. The
Schiff base ligand H,L was prepared by a 2:1 condensation of 3-
methoxysalicylaldehyde and trans-1,2-diaminocyclohexane in
methanol. Elemental (C, H, and N) analyses were performed on a
Perkin—Elmer 2400 II analyzer. IR spectra were recorded in the
region 4004000 cm™' on a Bruker-Optics Alpha-T spectropho-
tometer with samples as KBr disks. Magnetic susceptibility mea-
surements of 2-6 at 300 K were carried out with a Quantum Design
MPMS SQUID magnetometer. Diamagnetic corrections were esti-
mated from Pascal’s constant.

Syntheses

[Cu"LC(H,0)] (1): To a stirred suspension of the ligand H,L
(1.91 g, 5 mmol) in methanol (25 mL) was added dropwise an aque-
ous solution (10 mL) of Cu(OAc),H,O (1.0 g, 5 mmol). During
the addition, an ash-coloured product began to deposit. After the
mixture was stirred for 1 h, the solid was collected by filtration and
washed with methanol. The compound was dissolved in a mini-
mum volume of N,N’-dimethylformamide. After filtration, the
deep-green filtrate was kept at room temperature for slow evapora-
tion. After a few days, the ash-coloured powdered mass that de-
posited was collected by filtration and washed with methanol.
Yield: 2.19 g (95%). C5HysCuN,O5 (462.00): caled. C 57.19, H
5.67, N 6.06; found C 57.32, H 5.55, N 5.98. IR (KBr): ¥ = 3537
(m) [v,s(H>0)], 3502 (m) [vs(H,0)], 3051 (w), 2994 (w), 2931 (m),
2853 (w) [M(C-H)], 1627 (s) [W(C=N)] cm".

[{Cu""L},Cu" (H,0),](Cl0y), (2): To a suspension of [Cu'L(H,0)]
(0.231 g, 0.5 mmol) in acetone (10 mL) was added dropwise whilst
stirring an acetone solution (5 mL) of Cu(ClO,4),"6H,O (0.186 g,
0.5 mmol). Immediately, a red solution formed, which was filtered
after 0.5 h to remove any suspended particles. The filtrate was then
kept at room temperature for slow evaporation. After 24 h, a brown
crystalline compound containing diffraction-quality single crystals
that deposited was collected and washed with acetone. Yield:
0.255 g (86%). Cy4Hs,ClL,CusN,4Oyg (1186.46): caled. C 44.54, H
4.42, N 4.72; found C 44.43, H 4.51, N 4.78. IR (KBr): v = 3355
(m) [v(H,0)], 3065 (w), 2941 (m), 2850 (w) [v(C-H)], 1630 (s)
[W(C=N)], 1087 (s), 1064 (s), 623 (w) [W(ClO4)] cm.

[{Cu""L},Ni""(H,0),](C104),-3H,0 (3): To a stirred suspension of
[Cu"L(H,0)] (0.1 g, 0.22 mmol) in methanol (10 mL) was added a
methanol solution (5 mL) of Ni(ClO4),-6H,0 (0.081 g, 0.22 mmol).
The colour of the solution changed to green. The solution was
filtered in a long tube, and diethyl ether was diffused slowly into
the green filtrate. The container was closed with a stopper and kept
at room temperature. After a few days, a green crystalline com-
pound deposited. The upper ether layer was taken out with a drop-
per, and the lower mixture was then filtered to collect the green
crystalline compound. Yield: 0.085g (59%). CyHsgCl,Cu,Ny-
NiO,, (1235.66): caled. C 42.77, H 4.73, N 4.53; found C 42.66, H
4.86, N 4.60. IR (KBr): v = 3386 (m) [v(H,0)], 3055 (w), 2941 (m),
2857 (w) [v(C-H)], 1631 (s) [W(C=N)], 1115 (s), 1083 (s), 624 (w)
[W(ClO4)] cm™ .

[{Cu""L},Co0"(H,0),](Cl0y), (4): This compound was synthesized
following the same procedure as mentioned above for
[{Cu'L},Ni''(H,0),](Cl04),:3H,0 (3). Colour: green. Yield:
0.070 g (54%). C44H5,C1,CoCu,N4O45 (1181.61): caled. C 44.72, H
4.44, N 4.74; found C 44.63, H 4.35, N 4.66. IR (KBr): v = 3406
(m) [v(H,0)], 3055 (w), 2940 (m), 2850 (w) [v(C-H)], 1631 (s)
[W(C=N)], 1118 (s), 1083 (s), 624 (w) [W(ClO4)] cm ™.
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Table 5. Crystallographic data for the compounds 2, 5 and 6.

2 5 6
Formula C44H52C12CU3N4018 C44H52C12CH2F€N4018 C66H30C12CU3MHN6024
Formula weight 1186.46 1178.73 1657.82
Crystal colour brown grey brown
Crystal system monoclinic monoclinic triclinic
Space group C2le C2/c Pi
a[A] 25.487(5) 25.684(5) 14.114(5)
b [A] 13.363(4) 13.469(5) 15.816(5)
c[A] 15.549(5) 15.490(5) 17.701(5)
a [°] 90.00 90.00 87.760(5)
AN 117.436(14) 117.97(5) 77.010(5)
y [} 90.00 90.00 65.500(5)
VA3 4700(2) 4733(3) 3497.0(19)
zZ 4 4 2
Temperature [K] 293(2) 293(2) 293(2)
20 [°] 4.04-56.00 5.12-42.32 4.44-46.42
4 [mm] 1.540 1.387 1.237
Deqieq. [gem™3] 1.677 1.654 1.574
F(000) 2436 2424 1712
Absorption correction none none none
Index ranges -33=h=33 -25=h=25 -15=h=15
17=k=17 13 =k=13 17T=k=17
20=17=20 -15=1=15 -19=/7/=19
Reflections collected 22054 4922 17742
Independent reflections/R; 5675/0.2499 2536/0.0485 9962/0.0473

R1w R, [I>26(1)] 0.0540/0.1096
R,[@/wR,T (for all Fo?) 0.2001/0.1521

0.0820/0.1971
0.1092/0.2236

0.0527/0.1167
0.0983/0.1384

[a] Ry = [ZIFo| — [FVEIF[]. [b] wRy = [Ew(F,* — F2PIZw(F?)".

[{Cu""L},Fe"(H,0),](Cl0y4), (5): This compound was synthesized
following the same procedure as mentioned above for
[{Cu'L},Cu"(H,0),](ClOy4), (2). Colour: grey. Yield: 0.255¢g
(86%). C44H35,Cl,Cu,FeN4O g (1178.76): caled. C 44.83, H 4.45, N
4.75; found C 44.88, H 4.37, N 4.65. IR (KBr): v = 3362 (m)
[v(H,0)], 3067 (w), 2943 (m), 2850 (w) [v(C-H)], 1631 (s) [W(C=N)],
1116 (s), 1084 (s), 625 (w) [(CIO4)] cm ™.

[{Cu"LMn"'(H,0);}{Cu"'L},](Cl0,),'H,O (6): To a stirred suspen-
sion of [Cu'L(H,0)] (0.231 g, 0.5 mmol) in acetone (15 mL) was
added a methanol (15 mL) solution of Mn(ClO4),-6H,O (0.181 g,
0.5 mmol). The colour of the solution changed to brown. After
stirring for few minutes, the solution was filtered to remove any
suspended particles, and the brown filtrate was kept at room tem-
perature for slow evaporation. After a few days, a brown crystalline
compound containing diffraction-quality single crystals that de-
posited was collected and washed with acetone. Yield: 0.246 g
(89%). CgeHgoCl,CuzsMnN4-O,y4 (1657.88): caled. C 47.82, H 4.86,
N 5.07; found C 47.71, H 4.92, N 5.18. IR (KBr): ¥ = 3385 (m)
[v(H,0)], 3053 (w), 2940 (m), 2847 (w) [v(C-H)], 1625 (s) [W(C=N)],
1108 (s), 1082 (s), 624 (w) [W(CIO4)] cm ™.

Crystal Structure Determination of 2, 5 and 6: The crystallographic
data of these three compounds are summarized in Table 5. An En-
raf-Nonius CAD4 diffractometer was used to collect data for 2,
while the data for 5 and 6 were collected on a Kappa CCD dif-
fractometer. The data were collected at 293 K. For 2, data collec-
tion and reduction were performed with a CAD4 Express Enraf-
Nonius programs package and XCADA4, respectively. In the cases
of 5 and 6, the data collection and cell refinement were carried out
with COLLECT and SCALEPACK, respectively, while DENZO
and SCALEPACK were used for data reduction. All data were cor-
rected for Lorentz-polarisation effects. The three structures were
solved by direct methods by using SIR92 and refined by least-
squares methods on F? with SHELXL-97.% Six carbon atoms of
the cyclohexane ring in 2, four carbon atoms of the cyclohexane
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ring in 5 and six carbon atoms of a cyclohexane ring in 6 are disor-
dered over two sites with occupancies of 0.5 for each site. The hy-
drogen atoms of the water molecules were first located from a dif-
ference Fourier map and then refined with constraints. All other
hydrogen atoms were inserted at calculated positions with isotropic
thermal parameters constrained to be 1.2 times the Ueq of the
carrier atoms (1.5 times for hydrogen atoms of methyl groups) and
refined. The final least-squares refinements (R;) based on I>2c([)
converged to 0.0540, 0.0820 and 0.0527 for 2, 5 and 6, respectively.
It may be mentioned that the R, value and 260 range for the data
collection for 5 are not good because of the poor quality of the
single crystal; it has not been possible to get a better quality crystal
in spite of many efforts. However, as discussed above, the deter-
mined structure is obvious. For 2, as usual, R; (0.0540) is less than
WR; (0.1096) for the I>20(I) data. However, it is unusual that R;
(0.2001) is greater than wR, (0.1521) for all data. It is difficult to
explain these unusual values because the weighting scheme is usual
in SHELXTL. These unusual values are probably related to many
bad intensity data, which can be evidenced from the following val-
ues: total reflections 22054; independent reflections 5675; 1> 2c(1)
reflections 2183; Ry, 0.2499. It should also be mentioned that the
structure of 2 can also be solved in the space group I2/a, for which
R, (all data) is also greater than wR, (all data). CCDC-760117 (2),
762263 (5) and 760118 (6) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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A series of bimetallic complexes were developed to examine
how the distance between two juxtaposed {Ru(tpy)(bpy)Cl}**
(2; tpy = 2,2;6',2"'-terpyridine; bpy = 2,2'-bipyridine) units
affect catalytic behavior in the context of water oxidation.
The directionality imposed by the organic backbone for each
of these “Pacman” complexes elicits idealized M-M dis-
tances of ca. 5, 10, and 12 A for 4-6, respectively. Cyclic vol-
tammetry indicates that intramolecular electronic communi-
cation occurs between the metal sites of 4, while the metal
fragments are essentially electrochemically isolated for 5 and
6. Despite the disparate distances between the metal sites,
each of these complexes are shown to mediate the Ce!V-
driven oxidation of water in acidic media. Dioxygen evolu-
tion was monitored with an optical probe in the headspace
of the reaction vessel, and independently verified by the de-
tection of appropriate ratios of 80-80, 80-160, and '°0O-1%0
in GC-MS experiments using 20-labeled water. A fitting of
the dioxygen evolution data indicates catalytic behavior that

is first-order with respect to catalyst concentration in all
cases. This finding rules out the possibility that dioxygen for-
mation occurs independently at each metal site simulta-
neously, and leaves open the possibility that O—-O bond for-
mation occurs by either both metal sites acting cooperatively,
or at one metal site independent of the other. Taking into
account the significant electrostatic repulsion between the
two metal fragments in higher oxidation levels, we contend
that the latter mechanism is the more likely scenario. Not-
withstanding, complex 4 generates the largest k,,s values
among the bimetallic series, which suggests that the close
proximity of another metal may benefit catalysis. A compari-
son of ks and catalytic turnover numbers (TONs) of the bi-
metallic systems to the mononuclear complex 2, however,
does not indicate an improvement in catalytic behavior. This
is an important observation in the collective pursuit of ef-
ficient water oxidation catalysts.

Introduction

The oxidation of water is a thermodynamically de-
manding process (E° = +1.23 V at pH = 0) that requires a
number of bond-breaking/making steps involving multiple
electrons and protons.!:?l Drawing from the observation
that the oxygen-evolving complex (OEC) within the photo-
synthetic apparatus is able to negotiate this process ef-
ficiently with four Mn centres,’! the vast majority of docu-
mented synthetic water oxidation catalysts have been de-
signed to contain multiple metal centres,[* 4 including the
extensively studied “blue dimer” cis,cis-[(bpy),(H,O)-
RuMORu™(OH,)(bpy),]** (1; Figure 1).11>-1¢ This singular
approach has, however, been refuted in recent studies that
have demonstrated that two metal centres are not necessary
to mediate dioxygen formation.['” 21 Indeed, there is a
rapidly growing number of reports of mononuclear cata-
lysts of various metal identities.”??! A particularly note-
worthy result is the recent finding that the simple coordina-
tion complex [Ru(tpy)(bpy)CI]'* (2) is an effective water
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2500 University Drive NW, Canada
Fax: +1-403-289-9488
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oxidation catalyst in acidic media.l'”! Although it was sub-
sequently shown that the catalytically active form of 2 is
[Ru(tpy)(bpy)(OH,)]** (3) in aqueous media,!'”-!8] this find-
ing represents an important advancement because the effi-
ciency and stability of the catalyst can be systematically
manipulated to gain insight into mechanistic and decompo-
sition pathways.[!7-23]

The recognition that mononuclear complexes 2 and 3 are
capable of catalytically oxidizing water raises an important
question: Does a second proximate metal centre benefit the
activity and/or stability of the catalyst? To help resolve this
issue, we report herein a set of related bimetallic systems
with juxtaposed units of 2. Our strategy relies on the set of
ligand frameworks 2,7-di-tert-butyl-9,9-dimethyl-4,5-diter-
pyridinylxanthene (DTX), 4,6-diterpyridinyldibenzofuran
(DTD), and 4,6-bis(diethynylterpyridinyl)dibenzofuran
(DETD), which juxtapose {Ru(tpy)(bpy)CI}'* units to af-
ford complexes 4-6, respectively (Figure 1). Inspired by the
“Pacman” architectures developed by Noceral?*?61 and
others,[1-27-281 each ligand elicits progressively larger M-+M
distances for the series (M++M = 5, 10, and 12 A for 4-6,
respectively;>’! Figure 2) within the flexible molecular cleft,
which accommodates substrate binding, activation and re-
lease. Note that 4 bears a structural resemblance to the

3135
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Figure 1. Representations of the molecular systems under investigation (counterion is ClO4~ for 1, PF for 2-6!

24.25])

Figure 2. Depiction of approximate Ru-*Ru distances in complexes 4-6 modeled using idealized geometries.

water oxidation catalyst reported by Tanaka et al., which
contains a semiquinone ligand in place of the bpy li-
gand;B%31 compound 5 was subsequently reported by
Nocera et al. to evolve dioxygen.[?¥

While we show herein that each of these complexes are
competent water oxidation catalysts, the primary goal of
this study is to gain insight into how reaction rates and
TON:S are affected by intramolecular metal proximity while
holding the electronic structure nearly constant. We are also
interested in determining whether the requisite O-O bond
formation for systems of this type occurs via a nucleophile/
electrophile (NE) mechanism (Scheme 1), or by the direct
coupling of M=0O units (e.g., radical coupling).?*3?1 The
NE mechanism, which involves nucleophilic attack of a
high-valent M=O unit by an incoming water molecule, has
been shown by Meyer et al. to be the dominant reaction
pathway in a series of mononuclear complexes related to
3.[20:231 [ the realm of bimetallic catalysis, there is evidence
by Llobet et al. that the direct interaction of M=0O frag-
ments promotes the formation of an O—O bond.’33 While
the ligand system in the Llobet catalyst appears to accom-
modate this scenario by forcing the appropriate geometric
constraints on the M=0 vectors to be in close proximity, it
remains an open question whether the antiparallel M=0O
vectors of 4-6 are amenable to the same mechanism. This
study attempts to unravel these two possibilities, and to as-
3136
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sess whether a second metal in close proximity actually ben-
efits catalysis. These findings provide some important in-
sight for the rational design of water oxidation catalysts.

A .. b)
H'.Q:\r'd: O’OH

I e e . '
fRu’”?]_»H [Ru] [Ru™=0"_; O=[Ru™?]

| ll

T
[Ru+0, <<= [Ru™?| 2[Ru" + O,

Scheme 1. Proposed mechanistic pathways summarizing dioxygen
formation via (a) a nucleophile/electrophile (NE) mechanism, or
(b) the direct coupling of Ru=0 units.?+32

Results and Discussion

Synthesis and Characterization

As part of our effort to increase the activity and long-
term viability of 2, and to gain further insight into the
mechanism of water oxidation, we isolated a set of ligand
frameworks DTX, DTD, and DETD that situate {Ru(tpy)-
(bpy)CI} ' units opposite to each other to afford complexes
4-6, respectively (see Figures 1 and 2). The synthesis of the

Eur. J. Inorg. Chem. 2010, 3135-3142
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Scheme 2. Reaction scheme summarizing the preparation of 6.

DTX ligand follows a convergent synthetic approach docu-
mented by Tanaka et al.,/* while a similar Suzuki-Miyaura
cross-coupling scheme furnishes the organic framework
DTD. An analogous Pd-mediated Hagihara-Sonagoshira
approach involving 4'-ethynylterpyridine and diiododiben-
zofuran renders the DETD ligand in high yield (Scheme 2).
The corresponding metal complexes 4-6 were isolated after
the stepwise treatment of the respective organic framework
with the successive addition of two equivalents of RuCls
and bpy. Each of the complexes were purified by column
chromatographic techniques.

The structural identities of all complexes were confirmed
by 'H NMR spectroscopy and high-resolution mass spec-
trometry (HR-MS). Complex 4 adopts C,, symmetry on
the basis of the 'H-NMR spectrum, while molecular model-
ing studies on this compound indicate opposed Ru-Cl
vectors — an arrangement that minimizes steric congestion
between the bpy capping ligands. Steric hindrance between
the tpy components serve to minimize rotation of the
{Ru(tpy)(bpy)CI}'* units to yield a scaffold poised for a
cooperative interaction of the two metal sites with the in-
coming substrate(s) upon displacement of the halide li-
gands. The same cofacial geometry is assumed for 5, while
the flexible alkyne spacers of 6 may facilitate multiple con-
formations.

Cyclic voltammograms (CVs) of 2 and 4-6 were recorded
in MeCN to investigate the electronic communication be-
tween metal centres in the absence of aquation (Figure 3).
The monometallic chloride derivative 2 shows a reversible
one-electron oxidation of Ru'! at ca. +1.0 V vs. NHE.[!]
Compounds 5 and 6 do not appear to exhibit a significant
level of intramolecular electronic coupling between the
metal centres on the basis that they exhibit a similar CV
profile to that of 2. The CVs for 5 and 6, however, each
reveal two overlapping reversible metal-based oxidation
processes (i.e., Ru'""—CI/Ru™™_CI) at a modestly higher
potential (i.e., ca. 1.1 V) relative to 2. There is an additional
reversible metal-based oxidation process at about +1.5V
assigned to a Ru"-MeCN/Ru""_MeCN oxidation pro-
cess that occurs following the displacement of the halide
ligand by coordinating solvent. The Ru"/Ru'! redox couple
of the solvated analogue 2 (i.e., Ru-MeCN) occurs at
roughly this same potential; however, this oxidation step is

Eur. J. Inorg. Chem. 2010, 3135-3142
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more apparent in the bimetallic systems due to the en-
hanced lability of the halide ligand resulting from the sub-
stituent at the 4'-position of the tpy ligand.!'”]

E1jp=1.04V /2 =200V

Eq1/0=153V

Eq/p=155V

Eq/0=156V

0 0.5 1 1.5 2 25
E (V vs NHE)

Figure 3. Cyclic voltammograms for 2 and 4-6. Data collected
using 0.1 M (NBuy)(BF,;) MeCN solutions at 100 mV/s and refer-
enced to a [Fc)/[Fc]* internal standard followed by conversion to
NHE ([Fc)/[Fc]* vs. NHE: 640 mV);1331 V. = 0.5-0.7 V in all cases.

There appears to be an enhancement of intramolecular
communication between the redox active metal for 4. The
CV for 4 reveals a single reversible metal-based oxidation
process at ca. +1.0 V vs. NHE. While this process occurs at
the same potential as the two-electron oxidation of 5 and 6,
a comparison of peak currents indicates that this oxidation
3137

www.eurjic.org



FULL PAPER

C. P. Berlinguette et al.

involves one-electron for 4 (i.e., Ru'"-ClI/Ru™"_Cl). Fur-
ther divergent electrochemical behavior for 4 is revealed by
an irreversible oxidation process that is ascribed to the oxi-
dation of the CI ligands (i.e., 2ClI" — Cl, + 2¢). This fea-
ture is rationalized by taking into account that Clyy, is
characterized by a standard reduction potential of ca.
+1.4 V,34 and noting that the geometric constraints of the
ligand backbone of 4 could promote this irreversible pro-
cess by forcing the halide ligands to be in close proximity.
Following the loss of Cly), MeCN binds to the metal lead-
ing to a second reversible metal-based oxidation wave at ca.
+1.5V that is assigned to the oxidation of a single Ru
centre (i.e., Ru™'-MeCN/Ru_MeCN). The accessi-
bility of a third reversible metal-based oxidation process
(i.e., Ru'™/Ry"M_MeCN) at ca. +2.0 V is a consequence
of the electronic coupling between the two metal centres for
4. Displacement by solvent is also observed for 5 and 6 on
the basis of the observation of oxidation processes at Ej),
> +1.5 V. Collectively, this redox behavior indicates that 2,
5 and 6 have similar electronic environments at the metal
sites, while the close proximity between the metal sites of 4
generates divergent behavior.

Dioxygen Evolution Studies

Catalytic water oxidation studies were carried out on
complexes 1-6 using conditions similar to those outlined
elsewhere;!'"I namely, a relatively small volume of an MeCN
solution containing the catalyst was injected into a 1M
HClO4(,q) solution containing excess Ce'V as the sacrificial
oxidant. A summary of catalytic parameters is listed in
Table 1. The onset of dioxygen evolution following the in-
troduction of the catalyst to the aqueous Ce!Y solution indi-
cates that the bimetallic systems 4-6 are capable of oxidi-
zing water catalytically. Detection of appropriate relative
quantities of '80-180, 80-1°0, and '°0-!°0O in the head-
space of the reaction flask using an isotopically-labelled
aqueous medium provides verification that the evolved di-
oxygen is, indeed, derived from water (Figure 4). The pos-
sible formation of RuO, (a potential decomposition prod-
uct) was ruled out experimentally,l!” although this species
is not expected to exist at the Ru/Ce ratio used in our ex-
periments.[36-37]

Table 1. Catalytic dioxygen evolution data for 1-6.[4

Catalyst kopst®! X 104 57! TONI
1 7.7141 38

2 3.7 290

3 5.1 320

4 3.6 270

5 2.6 250

6 2.4 240

[a] [catalyst] = 6.7 X 10> m; terminal oxidant is (NH,),[Ce(NOs)g]
(0.33 min 3mL of 1 M HCIOy(,q)); 2 and 4-6 were first dissolved in
a minimum amount of MeCN. [b] Pseudo first-order rate constant
obtained by an exponential fitting of the time-dependent dioxygen
evolution traces [Equation (1)]. [c] TON: catalytic turnovers after
5h; defined as mol O, generated per mol of catalyst. [d] Initial
first-order behaviour for up to 1 h, followed by zero-order behavior
for 20 h.B81
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Figure 4. Isotopic distribution of dioxygen formed in the headspace
after 3 h with catalyst 6. The 1 m HCIO, solution was prepared
with ca. 10% '8O-labeled water.

The mononuclear systems 2 and 3 both exhibit kinetic
behavior that is first-order with respect to catalyst concen-
tration. Dimeric complexes 4-6 also exhibit first-order be-
havior with respect to catalyst concentration — or half-order
with respect to each Ru site. It is important to note that
there is a lag in the onset of dioxygen evolution in the case
of 2 because displacement of the halide ligand by a water
substrate is required prior to catalysis.!”! This same lag ef-
fect is observed for 4-6, thereby indicating that the CI li-
gands are displaced in solution. The &y, values for 3, which
are higher than 2, demonstrate how halide ligands can sup-
press catalysis. Thus, the time-dependent dioxygen evol-
ution data was fit to the region following the catalyst induc-
tion period. As a consequence, the catalytic parameters in
Table 1 are lower than what would be expected for the
aqua-substituted analogues.

We note that an accurate determination of the catalytic
behavior for 4-6 is made difficult by the limited concentra-
tion range that can be used for data collection (represented
by horizontal lines in Figure 5). Indeed, the catalysts had
to be dissolved in a minimal volume of MeCN prior to
addition to the acidic medium. (Note that the presence of
this coordinating solvent can suppress activity and lead to
artificially low k.ps values.) In the case of 4, the rate of
dioxygen evolved as a function of catalyst concentration
shows an increasing linear trend consistent with first-order
behavior up to ca. 20 uMm. Beyond this concentration, the
rate of dioxygen evolution is independent of catalyst con-
centration, which suggests that no further amount of cata-
lyst can be drawn into solution. The k&, values were then
extracted by fitting each of the time-dependent dioxygen
evolution traces below the saturation point to a first-order
exponential Equation (1).[']

Y = Yol = exp(-kx)] )
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Figure 5. Dependence of initial rates of dioxygen evolution as a
function of catalyst concentration for (a) 4, (b) 5, and (c) 6. Hori-
zontal bars indicate concentration range used to determine reaction
order for 4 and 5. Inset: Time-dependent dioxygen evolution data
for a representative data set (indicated by arrow). The solid line
represents a fitting of the trace according to Equation (1).

The calculated k., values were all within a margin of
error of 10%; the fittings all correspond to a first-order
exponential with R?> > 0.99. Representative fittings of the
data sets are provided in the insets of Figure 5 (a, solid
line). A similar treatment was carried out for 5 (Figure 5,
b); however, the data point corresponding to the lowest
concentration did not produce a reasonable k,, value. Con-
sequently, only the data points within the horizontal bars
in Figure 5 (b) gave similar k,, values (Table 1). Data for
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6 was anomalous to 4 and 5 in that a fitting of the rate of
dioxygen evolved vs. [6] did not plateau at higher concentra-
tions. The trend in this data does not follow a strictly linear
relationship making it difficult to resolve half- or first-order
behavior unambiguously. Notwithstanding, the fitting of
the time-dependent dioxygen evolution data below 50 um
clearly indicates first-order behavior. We therefore conclude
that solubility remains an issue for 6 despite being more
soluble than both 4 and 5.

There are multiple interpretations of these results, but the
observed first-order behavior conclusively rules out both
metal centres acting independently in a concomitant fash-
ion. Elimination of this scenario leaves open two other pos-
sibilities: (i) a direct coupling of the M=O units to form the
0O-0 bond; or (ii) O-O bond formation occurring at a sin-
gle metal site via the NE mechanism (Scheme 1). Although
the kinetic data does not resolve this point, geometry opti-
mization of 4-6 by DFT suggests that there is significant
electrostatic repulsion between the metal sites at higher oxi-
dation levels (Figure 6). Consequently, theory would sug-
gest that the M--M distances are too extreme to mediate
the direct coupling of the M=O0 units, but extensive calcula-
tions by other groups have yet to clearly resolve this is-
sue.?*31 Taking into account that similar catalytic param-
eters are observed for 5 and 6 despite a difference in metal
proximity of ca. 2 A lends support to the notion that the
NE mechanism is operative in both cases.

Figure 6. Gas-phase DFT-minimized structure for 6; MM dis-
tance is measured to be ca. 17 A (H atoms a removed for clarity).

Considering that the reaction rates are all first-order with
respect to catalyst concentration but that a direct interac-
tion of the M=O units is possible for 4, the higher kg,
value observed for 4 relative to 5 and 6 suggests that one
metal site may position an incoming water substrate appro-
priately relative to the neighboring Ru=O unit to minimize
electrostatic repulsion. While we postulate that dioxygen
formation occurs at a single metal site, we do not rule out
the possibility of the adjacent metal undergoing changes in
both redox levels.

While the dioxygen evolution reaches a plateau within
ca. 2 h for the mononuclear systems, the bimetallic systems
continue to generate dioxygen over a period of several
hours — albeit at a much slower rate than at # < 2 h. Conse-
quently, the bimetallic systems exhibit higher catalytic turn-
overs over longer time periods (i.e., > 8 h). We postulate
that steric congestion suppresses the initial rate of dioxygen
evolution (i.e., inhibits substrate binding), but the con-
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straints imposed by the organic framework suppress deacti-
vation pathway(s) that exist for the mononuclear systems.
Thus, the presence of an adjacent metal fragment may not
lead to superior dioxygen evolution rates, but may be bene-
ficial in generating more stable catalysts.

Conclusions

This investigation offers insight into the role of metal
proximity for a related series of water oxidation catalysts.
While these results seem to suggest that a NE mechanism
is operative for catalysts containing cofacial high-valent
Ru=0 motifs, these principles do not necessarily apply to
rigid dimeric Ru catalysts that orient the Ru-O vectors
towards each other. A higher initial rate of catalytic activity
for 2 endorses the claim that “one site is enough™ % but
the bimetallic systems appear to shunt deactivation path-
ways that exist for the single site catalysts. The development
of catalysts optimizing the NE pathway is currently un-
derway.

Experimental Section

Materials: Dry acetonitrile (MeCN), chloroform (CHCIs), dichlo-
romethane (CH,Cl,), N,N-dimethylformamide (DMF), methanol
(MeOH), and tetrahydrofuran (THF) were obtained after passing
these solvents through activated alumina columns on an MBraun
solvent purification system (Stratham, NH). All reagents were pur-
chased from Aldrich, except for RuCl3:3H,O (Pressure Chemical
Company). Column chromatography was carried out using silica
(Silicycle: ultrapure flash silica) or basic alumina (Fluka). Analyti-
cal thin-layer chromatography (TLC) was performed on aluminum-
backed sheets pre-coated with silica 60 F254 adsorbent (0.25 mm
thick, Merck, Germany), or with plastic-backed sheets pre-coated
with basic alumina 200 F254 adsorbent (0.25 mm thick, Selecto
Scientific: Georgia, USA) and visualized under UV light. All NMR
spectra were recorded in dry deuterated solvents at ambient tem-
peratures on a Bruker DRY 400 MHz spectrometer operating at
400 MHz. Chemical shifts were reported relative to SiMe, ('H)
standard; 'H peak assignments were unequivocally made by 'H-'H
COSY 2D experiments. 'H NMR labels are provided in Figure 7
and a representative 'H NMR has been provided in Figure 8.
Molecular  compounds  [(bpy)>(HO,)Ru(u,-O)Ru(OH,)(bpy),]-
(Cl04), (1P [Ru(tpy)(bpy)CII(PFs) (2), [Ru(tpy)(bpy)(OH,)]-
(PFg)  (3),491 2 7-di-tert-butyl-9,9-dimethyl-4,5-bis(2,2":6",2"'-

Iﬁ

7N\

terpyridinyl)xanthene (DTX, L4),'% 4 6-dibenzofurandiylbis-
(boronic acid);*!l 4’-bromo-2,2";6’,2""-terpyridine,*?! 4,6-diiododi-
benzofuran,*3 and 4'-ethynyl-2,2":6’,2"'-terpyridinel*! were pre-
pared following existing literature procedures.

b)

A

A

ppm 100 97 94 91 88

Figure 8. '"H NMR spectra for a) 2 and b) 5 in CD;CN.

[DTX-(RuCl;);] (P4): DTX (L4) (0.50g 0.64 mmol) and
RuCl5:3H,0 (0.34 g, 1.3 mmol) were refluxed in absolute ethanol
(100 mL) for 24 h. The mixture was cooled to room temperature,
filtered, washed with ethanol and diethyl ether and air-dried to
afford P4 as a red-brown powder; yield 0.70 g, 92%. ESI-MS: m/z
= 1094.9 [(MH - 3CI)*] (caled. for Cs3HyoClsNgORu,™: m/z =
1094.5).

[DTX-{Ru(bpy)Cl},|(PFs), (4): P4 (021 g, 0.18 mmol), bpy
(0.055 g, 0.35 mmol), LiCI (0.19 g, 4.4 mmol) and N-ethylmorph-
oline (0.3 mL) were refluxed for 4 h in an ethanol/water (3:1) mix-
ture (60 mL). The reaction mixture was then cooled to room tem-
perature, concentrated under reduced pressure, and then treated
with satd. aq. KPF¢ (5 mL) to afford a dark purple precipitate. The
solid was collected by filtration, washed with water and then dried
to give the crude product 4. The compound was purified via col-
umn chromatography using silica gel with CH,Cl, and satd. KPF¢
in acetone (4:1) as the eluent; yield 0.23 g, 78%. 'H NMR
(CD;OH, 400 MHz): 6 = 10.27 (d, 3J = 5.3 Hz, 2 H, H ), 8.73 (d,
3J=8.0Hz, 2 H, Hp), 8.62 (s, 4 H, H,), 8.40 (t, 3/ = 7.8 Hz, 2 H,
H¢), 848 (d,3J = 6.7Hz, 2 H, Hg), 8.28 (d,3J = 8.1 Hz, 4 H, H,),
823 (t,°J = 6.2Hz, 2 H, Hp), 7.87 (d, *J = 2.0 Hz, 2 H, H)), 7.81
(t,3J=78Hz, 4 H, H,),7.73 (d, *J = 2.2 Hz, 2 H, H,), 7.67 (t, 3J

Figure 7. Labeling Scheme for '"H NMR spectral signals. Assignments for the free ligands follow the same labeling Scheme.
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=75Hz 2 H, Hy), 7.58 (d, 37 = 5.2 Hz, 4 H, H,), 7.14 (t, *J =
8.3Hz, 4 H, H)), 7.00 (t, 3 = 6.1 Hz, 2 H, Hy), 6.83 (d, 3J =
5.5Hz, 2 H, Hy), 1.99 (s, 6 H, Me), 1.52 (s, 18 H, tBu) ppm. HR-
ESI-MS: m/z = 685.1374 [M - 2PF¢)?*] (caled. for
Cy3HeClLN (ORu,2*: mlz = 685.1365).

4,6-(Diterpyridine)dibenzofuran (DTD) (L5): 4,6-dibenzofurandiyl-
bis(boronic acid) (0.25 g, 0.96 mmol), 4'-bromo-2,2";6",2"'-terpyr-
idine (0.60 g, 1.9 mmol), potassium carbonate (0.53 g, 3.8 mmol)
and Pd(PPhs), (0.11 g, 0.096 mmol) were heated at 110 °C in DMF
(60 mL) for 24 h. The solution was then filtered after being cooled
to room temperature, followed by the removal of solvent under
reduced pressure. The resultant solid was extracted using CH,Cl,
(50 mL), and then purified on a basic alumina column to remove
residual 4'-bromo-2,2":6',2"'-terpyridine and triphenylphosphane
using CH,Cl, as the eluent. This step was followed by a mixture
of ethyl acetate and CH,Cl, (1:4) as the eluent to afford L5 as a
white solid; yield 0.25 g, 40%. 'H NMR (CDCls, 400 MHz): 6 =
9.10 (s, 4 H, H,), 8.45(d, >J =79 Hz, 4 H, H,), 8.41 (dd, 3J = 4.7,
47=0.8Hz 4 H, H,), 8.05(d, > =7.6Hz, 2 H, Hy, 8.01 (d,*J =
8.0Hz, 2 H, H,), 7.68 (td, 3J = 7.9, *J = 1.7 Hz, 4 H, H,), 7.51 (4,
3J =7.6Hz, 2 H, H,), 7.16 (td, J = 7.3,/ = 1.0Hz, 4 H, H,)
ppm. 3C NMR (CDCl;, 100 MHz): 6 = 156.3, 156.0, 153.8, 149.1,
145.6, 136.6, 127.0, 125.1, 123.8, 123.6, 121.7, 121.0, 120.6 ppm.
ESI-HRMS: m/z = 630.2164 [M*] (calcd. for C4oHoNgO*: m/z =
630.2168).

[DTD-(RuCl3),] (P5): LS (0.18 g, 0.28 mmol) and RuCl;:3H,0
(0.15 g, 0.57 mmol) were refluxed in absolute ethanol (50 mL) for
12 h and then cooled to room temperature. The solid was isolated
by filtration, and then washed with ethanol and diethyl ether, and
then air-dried to afford P5 as a red-brown powder; yield 0.27 g,

91%. ESI-MS: m/z = 10103 [M - CI)*] (caled. for
C42H26C16N(,ORUZ+: mlz = 10101)
[DTD-{Ru(bpy)CLL,I(PFg), (5): P5 (0.10g, 0.096 mmol), bpy

(0.030 g, 0.19 mmol), LiCI (0.10 g, 2.4 mmol) and N-ethylmorph-
oline (0.3 mL) were refluxed for 6 h in a ethanol/water (3:1) solu-
tion (50 mL). The solution was then cooled to room temperature
followed by the removal of solvent under reduced pressure. The
resultant solid was dissolved in water and then treated with a satd.
aq. KPFg solution (5 mL) to render a dark purple precipitate that
was collected by filtration. The solid was purified using column
chromatography (silica) using an acetone/satd. aqueous KPF solu-
tion (99:1) as the eluent; yield 0.12 g, 83%. 'H NMR (CD;CN,
400 MHz): 6 = 10.28 (d, 3J = 5.6 Hz, 2 H, H,), 9.27 (s, 4 H, H,),
8.60 (d, %/ =8.0Hz, 2 H, Hp), 849 (d, >/ =89Hz, 2 H, H), 8.44
(d,3J=7.6Hz 2 H, H,), 8.29 (m, 8 H, H, £ ¢), 8.00 (dd, 3J = 6.2,
47=12Hz 2 H, Hp), 7.87 (t, 3J = 7.7Hz, 2 H, H,), 7.67 (t, *J =
7.6Hz, 4 H, H¢), 7.65 (t, 3J = 7.6 Hz, 2 H, Hp), 7.60 (d, 3J =
5.6 Hz, 4 H, H,), 7.37 (d, 3*J = 4.5 Hz, 2 H, Hy), 7.02 (td, 3J = 5.6,
4J=12Hz 4 H, Hp), 692 (dd, 3J = 6.6, *J = 1.2 Hz, 2 H, Hp)
ppm. HR-MALDI-MS: m/z = 1361.0602 [(M — PFg)*] (caled. for
Ce2H4oCLFGN  OPRu,™: m/z = 1361.0662).

4,6-(Diethynylterpyridine)dibenzofuran (DETD) (L6): 4,6-diiododi-
benzofuran (0.047 g, 0.11 mmol), 4'-ethynyl-2,2":6",2"'-terpyridine
(0.10 g, 0.27 mmol), [Pd(PPhs),] (0.022 g, 10 mol-%) and Cul
(7 mg, 20 mol-%) were combined with degassed THF (30 mL) and
Et;N (15 mL) and refluxed for 12 h. The solid in the resultant sus-
pension was removed by filtration and then immersed in a stirred
CHCl; solution (100 mL). The dark brown solid that formed was
removed by filtration to afford a yellow solution that produced a
yellow powder upon removal of solvent under reduced pressure;
yield 75 mg, 85%. '"H NMR (CDCl;, 400 MHz): 6 = 8.66 (s, 4 H,
H,), 8.45(d, 3/ =8Hz 4 H, H,), 842 (d, 3J = 5Hz, 4 H, H,),
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797 (d, 3J =8Hz, 2 H, H,), 7.73 (ddd, 3J =8, 8,4/ = 2 Hz, 4 H,
H,),7.68 (d,3J =8Hz 2H, Hy,7.39 (t,>*J = 7THz, 2 H, H,), 7.68
(dd, 3J = 8, 5Hz, 4 H, H,) ppm. '3C NMR (CDCl;, 100 MHz): §
=156.2, 155.6, 155.4, 149.0, 136.5, 133.2, 131.3, 124.3, 123.7, 123.2,
123.1, 121.7, 121.7, 120.9, 107.7, 87.9 ppm. ESI-MS: m/z = 679.4
[MH*] (caled. for C4sH,7NgO: m/z = 679.2).

[DETD(RuCly),] (P6): L6 (0.11 g, 0.16 mmol) and RuCls-3H,O
(0.085 g, 0.41 mmol) were refluxed in absolute ethanol (50 mL) for
24 h. The mixture was cooled to room temperature, filtered, and
washed with ethanol and diethyl ether and air-dried to afford P6
as a black-purple solid; yield 0.16 g, 91%. ESI-MS: m/z = 1058.1
[(M — C1)*] (calcd. for C46HoClsNgORu,™: m/z = 1057.9).

[DETD{Ru(bpy)CI},](PFs), (6): P6 (0.16¢g, 0.14 mmol), bpy
(0.050 g, 0.35 mmol), LiClI (0.060 g, 1.4 mmol), N-ethylmorpholine
(1 mL) and absolute ethanol (50 mL) were refluxed for 16 h to af-
ford a deep red-purple solution. The reaction mixture was cooled,
and the volume reduced to approximately 25 mL by a rotary evapo-
rator. A satd. aq. KPFg solution (5 mL) was added to the solution
to precipitate a dark red-purple solid. Purification was carried out
by passing the crude product through silica using acetone and satd.
aq. KPFg (100:1) as the eluent to yield 6; yield 0.15 g, 69%. 'H
NMR ([Dg]DMSO, 400 MHz): 6 = 10.10 (d, 3J = 5Hz, 2 H, H,),
9.17 (s, 4 H, H,), 891 (d, >/ = 8 Hz, 2 H, H)p), 8.69 (d, 3*J = 8 Hz,
4 H, H,), 8.60 (d, >J = 8Hz, 2 H, H), 848 (d, *J = 8Hz, 2 H,
H,), 8.38 (t,3J =8 Hz, 2 H, Hy), 8.09 (t, >J = 7Hz 2 H, H.), 8.02
(d,3J=8Hz, 2 H, Hy), 7.72 (t, >J = 8 Hz, 4 H, H,), 7.63 (t, 3J =
8 Hz, 2 H, H,), 7.59-7.52 (m, 6 H, Hx H,), 7.35 (d, °J = 6 Hz, 2
H, Hy), 7.19 (t, 3 = 6 Hz, 4 H, H,), 6.90 (t, 3/ = 6 Hz, 2 H, H)
ppm. HR-MALDI-MS: m/z = 1409.0659 [(M — PF¢)*]. (caled. for
CgsHyoCLEgN(OPRu,*: m/z = 1409.0663).

Physical Measurements: Fast atom bombardment (FAB), electro-
spray ionization (ESI) high-resolution matrix-assisted laser desorp-
tion/ionization (MALDI) and high-resolution electron impact (EI)
mass spectrometry were carried out by the University of Calgary
analytical services. Electrochemical measurements were performed
under anaerobic conditions using a Princeton Applied Research
VersaStat 3 potentiostat using dry solvents, a Pt working electrode,
an Ag reference electrode, and a 0.1 M (BuyN)(BF,) supporting
electrolyte. Potentials were initially referenced to an internal ferro-
cene (Fc) standard; however, potentials reported herein are refer-
enced to a normal hydrogen electrode (NHE) on the premise that
the (Fc/Fc™) couple occurs at +0.640 V vs. NHE in MeCN.[33

DFT Calculations: Density functional theory (DFT) calculations
were carried out using B3LYP [Becke’s three-parameter exchange
functional (B3) and the Lee—Yang—Parr correlation functional
(LYP)] and the LanL.2DZ basis set. All geometries were fully opti-
mized in the ground states (closed-shell singlet S,). Time-dependent
density functional theory (TD-DFT) calculations were performed
with a spin-restricted formalism to examine low-energy excitations
at the ground-state geometry. All calculations were carried out with
the Gaussian 03W software package.

Dioxygen Evolution Studies: The custom-built apparatus consists of
a 10-mL round-bottom flask equipped with a septum and a thre-
aded side-arm for inserting the probe; total working volume is
16.8 mL. The flask was charged with a solution of (NH,),[Ce-
(NO3)6] (0.33 M) in 1 M HCIO,4 (3.0 mL) under an inert dinitrogen
atmosphere. A deaerated solution of catalyst (5.0X10% to
5% 1077 mol in Ru) was injected through a rubber septum, and then
stirred at ambient temperatures (24 =2 °C) for the duration of the
experiment. Oxygen evolution was monitored every ten seconds
with an optical probe (Ocean Optics FOXY-OR125-AFMG) and a
multifrequency phase fluorimeter (Ocean Optics MFPF-100). Raw
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data from the sensor was collected by the TauTheta Host Program
and then converted into the appropriate calibrated oxygen sensor
readings in % O, by the OOISensors application.

13OH, Labeling Studies: The same procedure as above was followed
except that the 1 M HCIO, solution was prepared with enriched
180H, (10 atom-%) purchased from Cambridge Isotope Laborato-
ries. After 6 h, an aliquot of the headspace was drawn into a 50 pL
microsyringe through the rubber septum and injected into a Varian
431-210 GC-MS system with a gas separation column. The isotope
distribution of °0,, 1°0-180, and '80, was monitored.
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Dinuclear Complexes of the N,O, Oxime Chelate Ligand with
Zinc(IT)-Lanthanide(IIT) as a Selective Sensitization System for Sm>*

Shigehisa Akine,/*! Fumihiko Utsuno,!*! Takanori Taniguchi,®! and Tatsuya Nabeshima*I?l
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A series of zinc(Il)-lanthanide(Ill) dimetallic complexes have
been synthesized by the one-pot reaction of the oxime-based
N,O, chelate ligand H,L with zinc(Il) acetate and lanthan-
ide(IIl) salts. The heavier lanthanides (Sm-Lu) produced
heterodinuclear complexes [LZnLn]3** (Ln = Sm-Lu) in which
the zinc(II) ion occupies the N,O, chelate site of H,L and the
lanthanide(Ill) ion is located in the semicircular O, site. In
contrast, the trinuclear complex [(LZn),La]3>* was obtained by
the reaction of H,L with zinc(Il) and lanthanum(III) salts. The
heterometallic complexes [LZnLn]** and [(LZn),La]** were
also formed by the reaction of [L,Zn3]?* with the heavier lan-
thanides (Sm3*-Lu®*) and La3%*, respectively. The dinuclear

complex [LZnSm(OAc)s3] exhibited a relatively intense red
emission due to Sm?*, whereas [LZnEu(OAc)s] gave no de-
tectable emission. The corresponding complexes containing
other lanthanides showed only a weak blue emission due to
the ligand moiety. Therefore the ligand L%~ can selectively
sensitize Sm®** from among Sm®*, Eu®*, Tb®*, and Dy®*, al-
though these complexes would often exhibit f-f lumines-
cence. The deep-red luminescence from samarium(Ill) at
around 650 nm is potentially useful for a full-color display. In
addition, [LZnYDb(OAc);] exhibited near-infrared lumines-
cence.

Introduction

Metal complexes of salen-type ligands are good precur-
sors for the synthesis of oligometallic complexes!!?! due to
the high coordination ability of the phenoxo moiety which
can bridge two metal centers in a pP,-M-O-M fashion. A
number of homo- and heterometallic complexes have been
derived from salen!" and analogous ligands.[?! In particular,
salen—metal complexes with alkoxy groups at the 3-position
are useful for obtaining the oligonuclear 3d-4f hetero-
metallic system.[>* These 3d-4f metal complexes have been
extensively studied because some of them exhibit interesting
magnetic® and photophysical®! properties. In particular,
the zinc-lanthanide complexes are of interest because of the
visible and near-infrared luminescence resulting from lan-
thanide f-f transitions.”! In general, such 3d-4f complexes
are prepared via mononuclear d-block metal complexes,
which are isolated in advance or formed in situ.

We recently developed a new series of oxime-based tetra-
dentate ligands, “salamo”, which are stable against C=N
bond recombination.>-#l The complexation of the ligand
H,(3-MeOsalamo) (H,L hereafter, Scheme 1) with zinc(II)
acetate did not give the mononuclear complex [LZn] but
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the trinuclear complex [L,Zn;]>" in a cooperative fashion.®]
Heterometallic complexes [LZnLu]** and [(LZn),La]**
were formed from the homometallic complex [L,Zn;]**.[7)

H,(3-MeOsalamo)
=H,L

C§ %3
Q@_

[(LZn)an]3*

&y

[LZnLn]?*

Scheme 1. Ligand H,L in the heterometallic zinc(II)-lanthan-
ide(III) complexes.

We now report the synthesis, X-ray crystal structures,
and luminescence properties of a series of dinuclear zinc(I1)-
lanthanide(ITT) complexes of the ligand H,L. The [LZn]
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moiety was found to selectively sensitize Sm3*, that is, the
zin¢(Il)-samarium(I1I) complex exhibits a characteristic red
luminescence due to Sm3* f-f transitions, whereas most of
the other complexes, such as europium(III) or terbium(III),
showed no emission or weak blue fluorescence of the or-
ganic ligand.

Results and Discussion

Synthesis and Structures of the Metal Complexes

The heterodinuclear complexes [LZnLn(OAc)s] (Ln =
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were synthesized
by the one-pot reaction of H,L with zinc(IT) acetate
(1 equiv.) and lanthanide(III) acetate (1 equiv.) in yields of
53-88%. X-ray-quality single crystals were obtained by the
vapor phase diffusion of diethyl ether into a solution of
each complex in methanol/chloroform. The dinuclear com-
plexes [LZnLn(OAc)s] (Ln = Sm-Ho) crystallized in the or-
thorhombic P2,2,2; space group with a solvated diethyl
ether molecule. These crystals contain two crystallographi-
cally independent molecules that adopt a similar conforma-
tion. [LZnLn(OAc);] (Ln = Dy-Lu) form unsolvated crys-
tals in the monoclinic P2,/a space group. Both types of the
crystals were obtained for Dy and Ho.

X-ray crystallographic analysis revealed that all the dinu-
clear complexes [LZnLn(OAc);] (Ln = Sm-Lu) have similar
structural features (see Figure 1 for Ln = Sm, Lu and also
Figures S1-S12). The N,O, site of the ligand L> is occu-
pied by the zinc(IT) ion. The two phenoxo oxygen atoms
(01, O5) as well as the two methoxy oxygen atoms (02,
06) form a semicircular Oy site to accommodate the lantha-
nide(ITT) ion. One acetato ligand (O7, O8) bridges the
zinc(Il) and lanthanide(III) ions in a p, fashion, whereas
the other two acetato ligands (09, O10 and O11, O12) co-
ordinate to the lanthanide(III) ion in an m, fashion. As a
result, the lanthanide(IIT) and zinc(II) ions are in a nona-
and pentacoordinate environment, respectively.

The coordination environment around the lantha-
nide(II) ions in the complexes [LZnLn(OAc)s] (Ln = Sm-—
Lu) are very similar. The nine oxygen atoms formed a coor-
dination polyhedron, which can be best described as a
triaugmented triangular prism (tricapped trigonal prism),
as shown in Scheme 2. The average distances of the Ln—O
coordination bonds almost decrease monotonically from
Sm to Lu (phenoxo-Ln, 2.406-2.278 A; methoxy-Ln,
2.607-2.487 A; acetato-Ln, 2.439-2.348 A) due to lantha-
nide contraction (Table 1). In relation to the changes in the
bond lengths, the sum of the three O-Ln-O angles of the
0,4 donor of [LZn] increase from 189 to 197° and the Zn—
Ln separation changes from 3.446 (Sm) to 3.356 A (Lu).

The dinuclear complexes [LZnLn(OAc)s;] contain a
pentacoordinate zinc(II) ion, the geometry of which
changes depending on the type of crystal. The trigonality
indices 71! for the zinc(Il) ions in [LZnLn(OAc);] with Ln
= Sm-Ho, which crystallize in the orthorhombic crystal
system, are in the range of 0.428-0.438, which indicates an
intermediate geometry between square pyramidal and trigo-
3144
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Figure 1. X-ray crystal structures of the dinuclear complexes
(a) [LZnSm(OAc);] (only one of the crystallographically indepen-
dent molecules is shown) and (b)[LZnLu(OAc);] (disordered
atoms have been omitted for clarity) with thermal ellipsoids drawn
at the 50% probability level.

(@) (b)

08:= p
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CosEm o

010
AN
\oo
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Scheme 2. (a) Schematic drawing of the coordination sphere of the
zinc and lanthanide atoms in [LZnLn(OAc);] (Ln = Sm-Lu).
(b) Triaugmented triangular prism coordination polyhedron of the
Ln atom.

nal bipyramidal. On the other hand, the zinc(Il) ions in
[LZnLn(OAc);] with Ln = Dy-Lu, which crystallize in the
monoclinic system, have a zinc(IT) ion with an almost ideal
square pyramidal geometry (z = 0.088-0.121). This differ-
ence in the geometry of the zinc(Il) ion is probably a result
of differences in the crystal packing of the two types of
crystals.

When lighter lanthanides, that is, La, Ce, Pr, and Nd,
were used, the corresponding dinuclear complexes
[LZnLn(OAc);] were not isolated under the same condi-

Eur. J. Inorg. Chem. 2010, 3143-3152
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Table 1. Structural parameters of [LZnLn(OAc);].

Ln Type Distance [A] 0 (Ln)d 7 (Zn)d
Zn-Ln ArO-Ln MeO-Ln AcO-Ln [
Sm  OR 34458 2406 2.607 2439 188.7 0438
Eu OR 34440 2407 2.596 2.429 189.7 0.430
Gd OR 34349 2387 2.586 2421 190.4 0433
Tb OR 34144 2366 2.586 2403 190.9 0432
Dy OR 34119 2359 2.580 2.394 191.4 0.428
Ho O 34037 2348 2,572 2.385 192.0 0.431
Dy MM 34200 2354 2.535 2.409 193.8 0.121
Ho MM 34140 2341 2.524 2,400 194.7 0.112
Er MM 34041 2327 2517 2.387 195.4 0.105
Tm MP 33962 2319 2.525 2375 1957 0.112
Yb MP 33817 2306 2.506 2364 196.6 0.093
Lu MM 335 2278 2487 2.348 196.8 0.088

[a] Orthorhombic crystal. Averaged values for the two crystallo-
graphically independent molecules are shown. [b] Monoclinic crys-
tal. [c] Angle 6 is defined as the sum of the three O-Ln—O angles
(O1-Ln1-02, O1-Ln1-0S5, O5-Lnl-06). [d] 7 values are calcu-
lated according to ref.[’l.

tions. However, ESI-MS analysis indicated the formation of
mixtures of the trinuclear complex [(LZn),Ln]** and the
dinuclear complex [LZnLn]** (see below).

In the case of lanthanum, the trinuclear complex [(LZn),-
La(OAc),](NO3) was obtained in 97 % yield by the reaction
of H,L with lanthanum(III) nitrate (0.5 equiv.) and zinc(II)
acetate (1.5 equiv.). In the crystal structure, the zinc(II) ions
are located in the N>O, site of each ligand L*" to form the
[LZn] unit (Figure 2). The two zinc(II) ions are pentacoor-
dinate with a geometry intermediate between square pyram-
idal and trigonal bipyramidal (r = 0.556, 0.620). The two

Figure 2. Crystal structure of [(LZn),La(OAc),]" with thermal el-
lipsoids drawn at the 50% probability level. (a) Top view (along the
approximate two-fold axis). (b) Side view.
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[LZn] units act as a semicircular tetradentate O,4 chelate li-
gand for the decacoordinate lanthanum(III) ion. The two
acetato ligands complete the coordination sphere of the lan-
thanum(III) ion bridging the zinc(Il) and lanthanum(III)
ions (Znl-Lal and Zn2-Lal) in a p, fashion. The distances
between the O donors and the lanthanum(III) ion in [(LZn),-
La(OAc),]" (ArO-La, 2.516 A; MeO-La, 2.760 A) are
longer than those in the dinuclear complexes [LZnLn-
(OAc)s] (Ln = Sm-Lu; ArO-Ln, 2.406-2.278 A; MeO-Ln,
2.607-2.487 A). The larger ionic radius of the lantha-
num(III) ion allows the second [LZn] unit access to the co-
ordination sphere to give [(LZn),La(OAc),]*.

The cationic [(LZn),La(OAc),]* unit possesses an ap-
proximate two-fold axis passing through the lanthanum(IIT)
ion. The two [LZn] units of the complex [(LZn),La-
(OAc),]* cross each other in a double helical fashion. The
two p-acetato ligands coordinate to the trinuclear Zn-La—
Zn core from the same side of the complex. Consequently,
the two salicylaldoxime moieties of each [LZn] unit are not
equivalent; one is close to the acetato ligands and the other
is further away. A significant C-H-+O contact was found
between the acetato oxygen and one of the methylene pro-
tons of the O-alkyloxime moiety. The distances (H10---O14,
2.322 A; H28--016, 2.333 A) were significantly shorter
than the sum of the van der Waals radii of these elements
(O, 1.52 A; H, 1.20 A). The counter-anion NO;~ did not
coordinate to any metal ion.

Conversion of [L,Zn;]** into [LZnLn]** or [(LZn),Ln}**

As described above, the one-pot complexation of H,L
with zinc(II) and lanthanide(IIl) gave the heterodinuclear
complexes [LZnLn]** (Ln = Sm-Lu) or trinuclear complex
[(LZn),La]**. The mononuclear complex [LZn] would be a
good precursor of these heteronuclear complexes, but com-
plexation between H,L and zinc(II) gave homotrinuclear
complex [L,Zn;]>* (Scheme 3, ). If the complexation
with zinc(IT) and lanthanide(III) is under thermodynamic
control, this homotrinuclear complex [L,Zn;]>" can also act
as a precursor of the zinc(II)-lanthanide(III) heteronuclear
complexes (see parts b, ¢ in Scheme 3). Therefore we investi-
gated the complexation process with the two kinds of met-
als by '"H NMR titration experiments using the diamagnetic
lanthanum(III) and lutetium(IIT).

The zinc(Il) trinuclear complex [L,Zn;]** was almost
quantitatively formed in situ by mixing H,L with 2 equiv.
of zinc(I1) acetate in CDCl3/CD;OD (1:1). When Lu?* was
added to the solution of [L.Zn;]**, a new set of signals
appeared in the 'H NMR spectrum (Figure 3, a). About
80% of [L,Zns]** was converted into a new species in the
presence of 2 equiv. of Lu** and the addition of 6 equiv. of
Lu®* resulted in almost complete conversion (>97%). The
titration curve showed a 1:2 [L,Zn;**/Lu3* stoichiometry,
which is consistent with the dinuclear species [LZnLu]**
having a 1:1 [LZn])/Lu** ratio (Figure 3, b and Scheme 3,
b). The dinuclear species [LZnLu]** was exclusively formed
with no other complexes with a different stoichiometry be-
ing detected in the NMR spectra.
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Scheme 3. Complexation of H,L with zinc(Il) and lanthanide(I11)
ions.
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Figure 3. (a) '"H NMR spectra of [L,Zn;]** (400 MHz, 2.0 mMm) in
the presence of Lu(NOs3); in CDCI3/CD;0D (1:1). (b) Mole frac-
tion of [LZnLu]** vs. [Lu**)/[[L,Zns]**].
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In contrast, the complexation of [L,Zn;]>* with La3" led
to the formation of a different type of complex. In this case,
the addition of La®* (1.0 equiv.) resulted in the quantitative
conversion of [L,Zn;]** into [(LZn),La]** (Figure 4, a and
Scheme 3, ¢). The 1:1 La**/[L,Zns]** stoichiometry found
in the '"H NMR titration is consistent with the presence in
the new complex of [LZn] and La3* in a 2:1 ratio. In the
'"H NMR spectra, two sets of signals were observed for the
methoxy, oxime, and aromatic protons. Note that four pro-
tons of the methylene moiety were observed as nonequiva-
lent diastereotopic pairs. The structure of the trinuclear
complex in solution is essentially the same as that in the
crystalline state because the nonequivalent "H NMR spec-
tral pattern is consistent with the unsymmetrical feature
found in the crystalline state. The significant upfield shift
of the methoxy protons (0 = 3.38 and 3.40 ppm) can be
explained by a structure in which the methoxy group is
close to the benzene ring of the other [LZn] moiety. In ad-
dition, the considerable downfield shift of one of the OCH,.
CH,O protons (6 = 5.55 ppm) has been attributed to the
C-H--O contact between the proton and the acetato oxy-
gen found in the crystal structure.['"]

@ 7 [LoZng?*
L lILyZna?] f [(LZn)zL;]a
. [LZnLa] |
6.0 _| Ll eijﬂ? ° 00§ iL
o O 8
o L] )

o [(LZn),La]?*
® [LZnLa]®*

Mole fraction

[La*W[L2ZnsF*]

Figure 4. (a) "H NMR spectra of [L,Zn;]** (400 MHz, 2.0 mm) in
the presence of La(NO;); in CDCIl;/CDs;0OD (1:1). (b) Mole frac-
tions of [(LZn),La]** and [LZnLa]** vs. [La**]/[[L,Zn5]*"].

When an excess amount of La** ([La’*])/[[L,Zn5]>*] > 1)
was added, another new set of signals appeared in the 'H
NMR spectra (Figure 4, a). This complex has been assigned
to the heterodinuclear complex [LZnLa]**, which has a
symmetrical 'H NMR spectral pattern similar to that of
the lutetium complex [LZnLu]**. However, the dinuclear
complex was formed with low efficiency. The mole fraction
of [LZnLa]** was 23% even in the presence of 6 equiv. of
La’* (Figure4, b and Scheme 3, d). That only a small
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amount of [(LZn),La]*>* was converted into the dinuclear
complex [LZnLa]** in the presence of an excess amount
of La’* shows that the trinuclear complex [(LZn),La]** is
thermodynamically more stable.

During the formation of [(LZn),La]’*, the central
zinc(II) ion of [L,Zns]>*, which occupies the semicircular
O, site of each [LZn] unit, was exchanged for La**. When
1 equiv. of La* was added, the central zinc(Il) ion was sim-
ply replaced by the La3* to give the heterotrinuclear com-
plex [(LZn),La]** (Scheme 3, ¢). On the other hand, when
Lu?* or excess La’** was added, [L,Zn;]>* dissociates to give
[LZnLn]** (Ln = La, Lu; Scheme 3, b and d).

The transformation of [L,Zns]** into [(LZn),La]** or
[LZnLu]** may be driven by the strong interaction between
the [LZn] moiety and the lanthanide(III) ions, which arises
because the size of the semicircular O4 donor set (two phen-
oxo and two methoxy donors) is suitable for the lanthan-
ide(III) ion but not for the zinc(Il) ion. Crystallographic
analysis showed that the O4 donor set of the [LZn] moiety
can form four coordination bonds to the lanthanide(IIT)
ions, but only three bonds to the zinc(II) ion. In addition,
the strength of each of the coordination bonds to the lan-
thanide(III) ion must be stronger than that to the zinc(II)
ion because of the larger positive charge.

The difference between the complexation behavior of
La’* and Lu’* should result from the difference in their
ionic radii. Because the ionic radius of La’* is larger, it can
accommodate two [LZn] units. The two p,-bridging acetato
ligands also contribute to the stabilization of the trinuclear
structure. In contrast, Lu* is too small to accommodate
two [LZn] units. Consequently, [L,Zns]** was directly con-
verted into the dinuclear complex [LZnLu]** upon reaction
with Lu**without forming [(LZn),Lu]**.

The complexation of H,L with zinc(I) and lanthan-
ide(I1T) ions was also investigated by ESI mass spectrometry
(Figure 5; see also Figure S13). The mass spectrum of a
mixture containing H,L, Zn>*, and Lu’* (1:2:1) exhibited
intense peaks at m/z = 328.0 and 715.0, which have been
assigned to [LZnLu(OAc)]*" and [LZnLu(OAc),]*, respec-
tively (Figure 5, d). No peak from the trinuclear complex
[(LZn),Lu]** was detected. This is consistent with the ex-
clusive formation of the dinuclear complex [LZnLu]** ob-
served in the '"H NMR spectra. Other heavier lanthanides
(Ln = Sm-Yb) also efficiently produced the corresponding
dinuclear complexes [LZnLn]**. Peaks from the trinuclear
complexes [(LZn),Ln]*" were very weak or not detected
(Figure 5, ¢; Ln = Sm).

However, when the lighter lanthanides La’*, Ce**, Pr3*,
and Nd** were used, the existence of both [(LZn),Ln]**
and [LZnLn]** were indicated (Figure 5, a and b). This is
evident from the observation of the molecular peak of
[(LZn),Ln(OAc),]* in addition to those of [LZnLn-
(OAC)** and [LZnLn(OAc),]". In particular, [(LZn),La]**
was formed very efficiently, as evidenced from the '"H NMR
investigation. An intense peak at m/z = 1103.1 from the
heterotrinuclear species [(LZn),La(OAc),]* was observed
(Figure 5, a). Peaks assigned to [LZnLa(OAc)]** (m/z =
310.0) and [LZnLa(OAc),]* (m/z = 679.0) were rather weak.
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Figure 5. ESI mass spectra of H,L in the presence of zinc(Il) and
lanthanide(I1I). (a) Ln = La; (b) Ln = Nd, (¢) Ln = Sm, and (d) Ln
= Lu.

We have already reported that a trinuclear zinc(IT) complex
of bis(salamo) ligands, in which two salamo moieties share
a benzene ring, undergoes site-selective metal exchange by
lanthanide(I1I) ions irrespective of the ionic radius.['’!?! For
the mono(salamo) ligand H,L reported herein, the tendency
to form the heteronuclear complexes [(LZn),Ln]** and
[LZnLn]** depends on the ionic radius of the lanthanide(III)
ions. When [L,Zn;]** reacts with La*, metal exchange takes
place to efficiently give [(LZn),La]**. On the other hand, the
reaction of [L,Zn;]>* with the heavier lanthanide(IIl) ions
causes dissociation of [L,Zn;]** to give [LZnLn]**.

Luminescence Properties of the Dinuclear Complexes
[LZnLn(OAc);]

The luminescence properties of lanthanide(IIT) com-
plexes are of considerable interest because of their potential
applications in photochemical bioassays and materials sci-
ence.'31 Various complexes of europium(Ill) and ter-
bium(III), which emit a strong visible luminescence, have
been extensively studied. Several zinc(IT)-lanthanide(IIT)
heterometallic complexes of salen and analogous ligands
3147
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have also recently been reported to exhibit a visible or near-
infrared luminescence.[*!4!3 Thus, we investigated the op-
tical properties of a series of heterodinuclear complexes
[LZnLn(OAc);] (Ln = Sm-Lu; Table 2).

Table 2. Summary of the emission from [LZnLn(OAc);].[a!

Complex A [nm] (intensity [a.u.])
Emission from L>  Emission from Ln3*

[LZnSm(OAc)y] 466 (120) 560 (480), 597 (1670), 644
(2920), 704 (170), 789 (30),
951 (160)

[LZnEu(OAc):]  n.d. 613 (30)

[LZnGd(OAc)y 466 (630)

[LZnTb(OAc)) 465 (80)

[LZnDy(OAc);] 468 (200)

[LZnHo(OAc)y] 470 (20)l

[LZnEr(OAc);] 470 (40)l

[LZnTm(OAc)s] 467 (240)

[LZnYb(OAC)] 468 (340) 976 (940)

[LZnLu(OAc)] 464 (1050)

[a] At room temperature, excitation at 350 nm in air-equilibrated
chloroform solution (0.020 mm). [b] No detectable emission. [c]
Emission maximum wavelength was not accurately determined due
to weak intensity.

The absorption spectra of all the dinuclear complexes
[LZnLn(OAc);] are similar, exhibiting a m—n* band at
around 350 nm; see part a of Figure 6 for the spectrum of
[LZnSm(OAc);]. The  luminescence  spectrum  of
[LZnSm(OAc);] under excitation at 350 nm showed four
narrow emission peaks at 560, 597, 644, and 704 nm (Fig-
ure 6, b). These peaks have been assigned to the *Gs, —
SH, (J = 5/2, 7/2, 9/2, 11/2) transitions typical of Sm3*. In
addition, the spectrum showed a weak and broad peak at
466 nm, which has been assigned to the intraligand fluores-
cent emission of L?>. The excitation spectrum of
[LZnSm(OAc);] monitored at 644 nm exhibited a broad
maximum at 354 nm, which matches well the corresponding
absorption spectrum (Figure 6, a). Thus, Sm3* is excited
not by direct metal excitation but by efficient sensitization
by the [LZn] unit. The very weak ligand emission at 466 nm
also confirms the efficient energy transfer from the ligand
to Sm3*.

The quantum vyield for the Iuminescence of
[LZnSm(OACc);] was determined to be 0.89%. This value
is much lower than those of the bright europium(IIl) and
terbium(I1T) complexes reported previously.'3*16] However,
samarium(I11) complexes generally show relatively weak f—f
emission and those exhibiting quantum yields of more than
around 1% are quite rare.l!'’! This weak emission is ex-
plained by nonradiative losses mainly attributed to
multiphonon relaxation.['®! Considering these facts, the li-
gand moiety of the dinuclear complex [LZnSm(OAc);] can
effectively sensitize Sm3*. Although multiphonon relax-
ation probably still dominates, strong coordination of the
[LZn] moiety and acetate ions to Sm** may prevent solvent
molecules from accessing Sm3* thereby suppressing the
nonradiative losses due to solvent coordination.

Note also that the electric dipole transition at 644 nm
(*Gs;,— °Hy),) is the strongest among the observed transi-
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Figure 6. (a) Absorption spectrum of 0.020 mM [LZnSm(OAc);] in
chloroform and excitation spectrum of 5.0 um [LZnSm(OAc);] in
chloroform monitored at 644 nm. (b) Luminescence spectra of
0.020 mm [LZnSm(OAc)3] and [LZnEu(OAc);] in chloroform upon
excitation at 350 nm.

tions. This transition is known to be sensitive to the coordi-
nation environment of Sm3* and its intensity increases as
the symmetry of the environment decreases.'”!%1 Sm3* in
[LZnSm(OACc);s] adopts a triaugmented triangular prism ge-
ometry, that is, it deviates significantly from a centrosym-
metric coordination environment. This low-symmetrical
structure may also contribute to the relatively efficient emis-
sion.

In general, the luminescence of europium(III) complexes
is much more intense than that of the corresponding samar-
ium(IIl) complexes. Thus, [LZnEu(OAc);] was expected to
show a more intense luminescence due to the f—f transition
of Eu**. However, the emission from [LZnEu(OAc);] was
almost quenched. Only a very weak emission at 613 nm due
to the ’Dy— ’F, transition of Eu* was observed. In this
case the intraligand fluorescence is also very weak. The
weak f—f emission may be due to thermal quenching of the
Dy level of Eu** by an intramolecular ligand-to-metal
charge-transfer (LMCT) process.?%?!1 This LMCT process
is probably a result of the electron-rich character of the
phenoxo moieties and the strong tendency of Eu** to be
reduced to Eu?*.

In the luminescence spectra of [LZnLn(OAc);] (Ln = Tb,
Dy), only a weak broad band at around 465 nm due to
intraligand fluorescence was observed instead of the f-—f
emission expected for Tb3* and Dy**. In these complexes,
energy transfer from the ligand to the metal is not efficient,
probably because the energy levels of the excited states of

Eur. J. Inorg. Chem. 2010, 3143-3152



Luminescent Dinuclear Complexes of N,O, Oxime Chelate Ligand

Eur|IC

these ions lie higher than that of the excited state of the
[LZn] moiety. Hence, the ligand L~ can selectively sensitize
Sm3* from among Sm**, Eu**, Tb>*, and Dy>*, although
these complexes would often exhibit f—f luminescence.

In the emission spectra of [LZnLn(OAc);] (Ln = Gd,
Lu), a relatively intense emission at around 465 nm due to
intraligand fluorescence was observed (Figure 7). Note also
that [LZnYb(OAc);] exhibits emission in the near-infrared
region at 976 nm, which has been assigned to the
2Fs;,— 2F), transition. Complexes with such a near-infra-
red emission are of interest because they have potential as

chemosensors and in fluoroimmuno assay applica-
tions.[?2:23]
1200
3
s [LZnLu(OAc)3]
= [LZNGd(OAC)s]
£ 800 [LZnYb(OAC)s]
€ [LZnTm(OAC)3]
c [LZnDy(OAC)3]
§ [LZnTb(OAC),]
£ 00 [LZnEr(OAC)s]
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ol . ;
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Figure 7. Luminescence spectra of 0.020 mm [LZnLn(OAc);] (Ln =
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in chloroform upon excitation at
350 nm.

Conclusions

A series of zinc(II)-lanthanide(III) dimetallic complexes
have been synthesized by the one-pot reaction of the oxime-
based N,O, chelate ligand H,L with zinc(IT) acetate and
lanthanide(III) salts. The heavier lanthanides Sm-Lu pro-
duced heterodinuclear complexes [LZnLn(OAc);] (Ln =
Sm-Lu) in which the zinc(IT) ion occupies the N,O, chelate
site of H,L with the lanthanide(III) ion located in the semi-
circular Oy site. In contrast, the trinuclear complex [(LZn),-
La(OAc),](NO3) was obtained by the reaction of H,L with
zinc(IT) and lanthanum(I1T) salts. The difference in the stoi-
chiometries of the complexes has mainly been attributed to
the large ionic radius of La*, which can accommodate two
[LZn] units. The heterometallic complexes [LZnLn]** and
[(LZn),La]** were also formed by the reaction of [L,Zn;]**
with the heavier lanthanide ions (Ln = Sm—Lu) and La3®*,
respectively. The dinuclear complex [LZnSm(OAc);] exhib-
ited a relatively intense red emission due to Sm>*, whereas
[LZnEu(OAc);] gave no detectable emission. The corre-
sponding complexes containing other lanthanides showed
only a weak blue emission due to the ligand moiety. There-
fore the ligand L?>  can selectively sensitize Sm3" from
among Sm**, Eu**, Tb3*, and Dy?*, although these com-
plexes would often exhibit f—f luminescence. The deep-red
luminescence from Sm3* at around 650 nm is potentially
useful for a full-color display. In addition, [LZnYb(OAc);]
exhibited a near-infrared luminescence, which is potentially
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useful as a chemosensor and in fluoroimmuno assay appli-
cations. The framework of the oxime chelate ligand H,L
has been utilized as a building block for various metallo-
architectures such as helical complexes. The findings in this
study could be useful for the development of photolumines-
cent metallo-architectures based on zinc(IT)-lanthanide(IIT)
systems.

Experimental Section

General: All experiments were carried out in air unless otherwise
noted. Commercial chloroform, methanol, and diethyl ether were
used without further purification. '"H NMR spectra were recorded
with a Bruker ARX 400 spectrometer (400 MHz) in CDCls/
CD;0D (1:1).

General Procedure for the Synthesis of [LZnLn(OAc);] (Ln = Sm—
Lu): A solution of H,(3-MeOsalamo) (H,L; 9.0 mg, 0.025 mmol)
in chloroform/methanol (1:1, 1 mL) was added to a solution of
zinc(Il) acetate dihydrate (5.5 mg, 0.025 mmol) and Ln(OAc);-
nH>O (0.025 mmol) in H>O (ca. 0.2 mL) and methanol (2 mL) at
room temperature. After removing the solvent under reduced pres-
sure, the residue was dissolved in chloroform/methanol. Vapor
phase diffusion of diethyl ether into this solution afforded pale-
yellow crystals of [LZnLn(OAc);].

|[LZnSm(OAc);]-0.5Et,0: Yield 17.0 mg (86%).
C26H32N2012‘5szn (78831) caled. C 3961, H 409, N 355,
found C 39.32, H 3.85, N 3.40.

[LZnEu(OAc);): Yield 9.6 mg (53%). Co4H,7EuN,O,,Zn (752.85):
caled. C 38.29, H 3.61, N 3.72; found C 37.91, H 3.62, N 3.59.

[LZnGd(OAc);]-0.25E¢,0: Yield 16.3 mg (84%).
Cy5H,9 sGdN,05 25Zn (776.67): caled. C 38.66, H 3.83, N 3.61;
found C 38.65, H 3.92, N 3.42.

[LZnTh(OAc)3]-0.25E,0: Yield 12.0 mg (62%).
C25H29.5N20|2.25TbZn (77834) caled. C 3858, H 382, N 360,
found C 38.51, H 3.87, N 3.43.

[LZnDy(OAc)3]: Yield 14.0 mg (73 9 l)). C24H27DyN20122n
(763.39): caled. C 37.76, H 3.56, N 3.67; found C 37.51, H 3.49, N
3.59.

[ILZnHo(OAc)s):  Yield 16.8mg (88%). C,4H,;HON,O»Zn
(765.82): caled. C 37.64, H 3.55, N 3.66; found C 37.74, H 3.68, N
3.41.

[LZnEr(OAc)): Yield 14.6 mg (76%). CoyHayErN,O,,Zn (768.15):
caled. C 37.53, H 3.54, N 3.65; found C 37.12, H 3.38, N 3.51.

[LZnTm(OAc)s]: Yield 154mg (80%). CoHyN,0,,TmZn
(769.82): caled. C 37.44, H 3.54, N 3.64; found C 37.35, H 3.46, N
3.56.

[LZan(OAC):;]: Yield 12.3 mg (640 (\). C24H27N2012szn
(773.93): caled. C 37.25, H 3.52, N 3.62; found C 37.22, H 3.44, N
3.50.

[LZnLu(OAc)s]: Yield 11.2mg (58%). 'H NMR (400 MHz,
CDCI5/CDs0D, 1:1, 298 K): 0 = 2.00 (s, 9 H, OAc), 4.16 (s, 6 H,
OMe), 4.65 (s, 4 H, CH,»), 6.85 (t, / = 8.0 Hz, 2 H, ArH), 7.01 (dd,
J=18.0, 1.3Hz, 2 H, ArH), 7.17 (dd, J = 8.0, 1.3 Hz, 2 H, ArH),
8.47 (s, 2 H, CH=N) ppm. Cy;H,;LuN,0,Zn (775.83): calcd. C
37.15, H 3.51, N 3.61; found C 37.17, H 3.39, N 3.48.

Synthesis of [(LZn),La(OAc),](NO3): A solution of zinc(II) acetate
dihydrate (17.0 mg, 0.077 mmol) in methanol (1 mL) and a solution
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of lanthanum(III) nitrate hexahydrate (11.0 mg, 0.025 mmol) in
methanol (1 mL) were added to a solution of H,L (18.0 mg,
0.050 mmol) in methanol (1 mL). After removal of the solvent, the
residue was dissolved in ethanol and vapor phase diffusion of hex-
ane into this solution afforded pale-yellow crystals of [(LZn),-
La(OAc),J(NO3) (29.4mg, yield 97%). 'H NMR (400 MHz,
CDCIl5/CD;0D, 1:1, 298 K): 0 = 2.10 (s, 6 H, OAc), 3.38, (s, 6 H,
OMe), 3.40 (s, 6 H, OMe), 4.23 (dd, J = 12.8, 2.2 Hz, 2 H, CH,),
4.36 (dd, J = 15.7, 4.3 Hz, 2 H, CH,), 4.55 (td, J = 12.8, 4.3 Hz, 2
H, CH,), 5.55 (ddd, J = 15.7, 12.8, 2.2 Hz, 2 H, CH,), 6.57 (dd, J
= 8.1, 1.3Hz, 2 H, ArH), 6.63 (dd, J = 7.9, 2.3 Hz, 2 H, ArH),
6.65 (t, J = 7.9 Hz, 2 H, ArH), 6.71 (t, J = 8.1 Hz, 2 H, ArH), 6.95
(dd, J =179, 23Hz, 2 H, ArH), 6.97 (dd, J = 8.1, 1.3 Hz, 2 H,
ArH), 845 (s, 2 H, CH=N), 8.77 (s, 2 H, CH=N)ppm.
C4oH4,LaNs0,9Zn,-2H,0 (1202.54): caled. C 39.95, H 3.86, N
5.82; found C 39.85, H 4.11, N 5.57.

X-ray Crystallographic Analysis: Intensity data were collected with
a Rigaku R-AXIS Rapid or Mercury CCD diffractometer with
Mo-K,, radiation (1 = 0.71069 A). Reflection data were corrected
for Lorentzian and polarization effects and for absorption using
the multiscan method. The structure was solved by direct methods
(SHELXS 974) or Patterson methods (DIRDIF 99123) and re-

fined by full-matrix least-squares on F2 using SHELXL 97.1%1 The
non-hydrogen atoms were refined anisotropically except for the dis-
ordered counter-anions or solvent molecules of the crystal of
[(LZn),La(OAc),](NOs). Hydrogen atoms were included at ideal-
ized positions and refined by use of riding models. The crystallo-
graphic data are summarized in Table 3 and Table 4.

CCDC-759173 (for [LZnSm(OACc);]-0.5Et,0), -759174 (for [LZn-
Eu(OAc);]:0.5Et,0), -759175 (for [LZnGd(OAc);]-0.5Et,0), -759176
(for [LZnTb(OAc)3]:0.5Et,0), -759177 (for [LZnDy(OAc)]:
0.5Et,0), -759178 (for [LZnHo(OAc);]-0.5Et,0), -759179 (for
[LZnDy(OAc)3)), -759180 (for [LZnHo(OAc);]), -759181 (for
[LZnEr(OAc)s]), -759182 (for [LZnTm(OAc)s]), -759183 (for
[LZnYb(OAc)s)), -759216 (for [LZnLu(OAc);]), and -293013 (for
[(LZn),La(OAc),](NO)-2H,0-EtOH-0.5hexane) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccde.cam.ac.uk/data_request/cif.

NMR Titrations: Sample solutions containing H,L (4.0 mm),
zinc(Il) acetate dihydrate (8.0 mm), and varying amounts of Ln-
(NO3);'nH,O (Ln = La, Lu; 0-12.0 mm) in CDCIl;/CD;0D (1:1)
were prepared. The '"H NMR spectra (400 MHz) were recorded
with a Bruker ARX 400 spectrometer.

Table 3. Crystallographic data for the zinc(II)-lanthanide(III) complexes.

[LZnSm(OAc);] [LZnEuw(OAc);]  [LZnGd(OAc)s]»  [LZnTb(OAc)s]+  [LZnDy(OAc);] [LZnHo(OAc)s]+  [LZnDy(OAc)s]
0.5Et,O 0.5Et,0 0.5Et,0 0.5Et,O 0.5Et,0 0.5Et,0
Formula CoeHaoNOp5 5 CrsH3EuN,- Co6H3,GdN,- CoeHanNy- CrsH3DyN,- CyeHzHON,- CyyHyDyN,-
SmZn 04,57Zn 0;>57Zn 0,,5TbZn 0,,57Zn 0y>57Zn 0,,Zn
Crystal system  orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic monoclinic
Space group P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2i/a
alA] 15.678(2) 15.693(5) 15.6927(4) 15.702(3) 15.6786(4) 15.6755(3) 16.0952(13)
b A 16.504(2) 16.493(5) 16.4773(4) 16.478(3) 16.4834(4) 16.4604(4) 11.3653(7)
c[A] 22.185(3) 22.160(7) 22.1678(6) 22.129(4) 22.1629(6) 22.1862(4) 16.2990(10)
all]
AN 115.5292(15)
71
VA3 5740.4(14) 5735(3) 5732.0(3) 5725.4(17) 5727.7(3) 5724.6(2) 2690.4(3)
Z 8 8 8 8 8 8 4
Dyied. 1.824 1.830 1.843 1.849 1.856 1.863 1.885
R1[I>2a(D* 0.0324 0.0387 0.0246 0.0297 0.0254 0.0209 0.0459
wR2 (all data)  0.0677 0.0960 0.0564 0.0638 0.0569 0.0500 0.1077
[a]
[a] R1 = B||Fy| — [FVZIF ) wR2 = {Zw(F,? — FAEw(F 1.
Table 4. Crystallographic data for zinc(II)-lanthanide(IIT) complexes.
[LZnHo(OAc)s] [LZnEr(OAc);] [LZnTm(OAc);] [LZnYDb(OAc);] [LZnLu(OAc);] [(LZn),La(OAc),|(NO3):
2H,0-EtOH-0.5hexane
Formula C,4,H»yHON>O»Zn C,4H»ErN,O,Zn  C54H»7N,O;,TmZn  CyyH»7N,O,YbZn  C,4H7LuN,0,,7Zn C,sHsoLLaN50,,7n,
Crystal system  monoclinic monoclinic monoclinic monoclinic monoclinic triclinic
Space group P2i/a P2ila P2ila P2ila P2i/a Pl
a Al 16.0629(5) 16.0486(4) 16.0128(4) 15.958(5) 15.865(19) 12.0194(7)
bA] 11.3656(3) 11.3486(4) 11.3673(4) 11.355(3) 11.310(12) 14.5924(13)
c[A] 16.2790(4) 16.2518(4) 16.2331(5) 16.157(5) 16.048(19) 16.5166(14)
a [ 98.913(4)
AN 115.4962(10) 115.3335(7) 115.1438(10) 114.910(13) 114.652(16) 101.5164(13)
7] 108.1109(9)
VA 2682.54(13) 2675.28(13) 2674.80(14) 2655.3(14) 2617(5) 2623.7(4)
Z 4 4 4 4 4 2
Dyied. 1.896 1.907 1.912 1.936 1.969 1.635
Rl [[>2a(D]™ 0.0227 0.0255 0.0252 0.0271 0.0685 0.0382
wR2 (all data)®l  0.0542 0.0643 0.0625 0.0570 0.1657 0.1215

[a] R1 = Z||F| — |FVEIF ] wR2 = {Zw(Fy* — F2)/E[w(F)]} 2.
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MS Measurements: Sample solutions containing H,>L (0.020 mm),
zinc(Il) acetate dihydrate (0.040 mm), and Ln(NOs);-nH,O (Ln =
La-Lu; 0.020 mMm) in methanol were prepared. The mass spectra
(ESI, positive mode) were recorded with an Applied Biosystems
QStar Pulsar i spectrometer.

Optical Measurements: UV/Vis absorption spectra were recorded
at room temperature with a JASCO V-660 spectrophotometer using
a 10 mm pathlength quartz cell. Visible/near-infrared emission
spectra in the range of 350-1100 nm were recorded at room tem-
perature with a Hamamatsu Photonics PMA-12 Multichannel An-
alyzer using an air-equilibrated solution of [LZnLn(OAc);] (Ln =
Sm-Lu; 0.020 mM) in chloroform with an excitation wavelength of
350 nm. The excitation spectrum of 5.0 uM [LZnSm(OAc);] in chlo-
roform monitored at 644 nm was recorded with a Hitachi F4500
fluorescence spectrophotometer. The absolute quantum yield of
[LZnSm(OACc);] was determined by using an integration sphere
equipped with a Hamamatsu photonics PMA-12 Multichannel An-
alyzer.

Supporting Information (see also the footnote on the first page of
this article): X-ray crystallographic data for complexes
[LZnLn(OAc)s] (Ln = Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu)
and ESI mass spectra of H,L in the presence of zinc(Il) acetate
and lanthanide(III) nitrate.
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The synthesis, crystal structures, and magnetic properties of
linear tetranickel string complexes supported by mixed 2-(a-
pyridylamino)-1,8-naphthyridine (Hpyany) and N-(p-tolyl-
sulfonyl)dipyridyldiamine (H,tsdpda) ligands are reported. In
comparing the crystal structure of [Niy(pyany),(tsdpda),Cl]
(1) with that of [Ni4(pyany),(tsdpda),Cl(H,O)](PFs) (2), the
one-electron-reduced compound 1 displays shorter Ni(3)-
Ni(4) (ca. 2.28 A) and longer Ni(3)-N (ca. 2.02A) bond
lengths. Similar trends have also been observed for axial
NCS~-substituted derivatives [Nig(pyany),(tsdpda),(NCS)]

(83) and [Nig(pyany),(tsdpda),(NCS),] (4). These structural
variations indicate the formation of a mixed-valence [Ni,]3*
unit and a three-electron, two-center Ni(4)-Ni(3) ¢ bond.
Magnetic measurements of 2 and 4 show that both terminal
Ni(1) and Ni(4) ions are in the high-spin states (S = 1) and
are antiferromagnetically coupled. The one-electron-re-
duced complexes 1 and 3, however, exhibit a delocalized
mixed-valence [Ni,]3* unit (S = 3/,), which is antiferromag-
netically coupled with the terminal high-spin Ni'! ion.

Introduction

Metal string complexes mimic the electric wires in our
macroscopic world down to the atomic scale, and are ex-
pected to serve as molecular wires in the fabrication of fu-
ture nanoelectronic devices.['l Because of this potential ap-
plication, numerous metal string complexes have been syn-
thesized and characterized in the past two decades.’! The
general approach to synthesize the metal string complexes
is to utilize oligo-a-pyridylamido ligands. These ligands
contain numerous amido and pyridino groups, which can
stabilize the cationic 1D linear transition-metal backbone.

Recently, oligo-(a-pyridylamido) ligands have been
modified by insertion of naphthyridino and anilino groups.
Interestingly, the resulting metal string complexes exhibit
novel physical properties. For instance, the bis(naphthyrid-
ylamido) (bna") ligand is less anionic than the tripyridyldi-
amido (tpda®>") ligand. The resulting pentanickel string
complex [Nis(bna)s(NCS),]*(NCS), has a reduced metal
framework and greater electronic mobility, which shows
about 40% conductance enhancement relative to that of the
[Nis(tpda)4(NCS),] complex.[! This result suggests that the
modification of supporting organic ligands is a suitable

[a] Department of Chemistry, National Taiwan University,
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method to fine-tune the properties of metal
complexes.[>d!

In addition to the crystal structures, the physical proper-
ties of metal string complexes may also be modulated by
utilizing mixed ligands. In our previous report, trinickel
string complexes with various mixed ligands exhibited vari-
ous spin states because of the different interactions between
the axial ligands and metal ions.™ It suggested that a novel
metal string complex may be synthesized by carefully
designing its surrounding ligands, since the coordinated
ability and steric hindrance of these ligands are quite dif-
ferent, and these can modulate the physical properties of
the linear metal framework.

Based on the above ideas, new tetranickel string complexes
with mixed 2-(o-pyridylamino)-1,8-naphthyridine (Hpyany)
and N-(p-tolylsulfonyl)dipyridyldiamine (H,tsdpda) ligands
(Scheme 1) have been synthesized and isolated. The crystal
structures, and magnetic properties of these tetranickel string
complexes are reported and discussed in this work.

= X = = =
N 'N” 'N” 'N )
N NNV

H,tsdpda

string

Hpyany
Scheme 1. Hpyany and H,tsdpda ligands.

For clarity, the tetranickel string complexes presented in
this paper are as follows: [Nig(pyany),(tsdpda),Cl] (1), [Nis-
(pyany)>(tsdpda),CI(H>O)](PFs) (2), [Nis(pyany)s(tsdpda)s-
(NCS)] (3), and [Niy(pyany),(tsdpda)>(NCS),] (4).
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Tetranickel String Complexes

Results and Discussion

Synthesis and Characterization

The overall synthetic routes to the Hpyany and H,tsdpda
ligands, and then to complexes 1-4 are summarized in
Schemes 2 and 3. The Hpyany ligand was prepared by reac-
tion of 2-chloro-1,8-naphthyridine and 2-aminopyridine
with palladium catalyst. The H>tsdpda ligand was prepared
by reaction of dipyridyldiamine (Hsdpda) with p-tolu-
enesulfonyl chloride (pTsCl) in pyridine. Treatment of Hpy-
any and H,tsdpda with NiCl, in the presence of rBuOK
generated compound 1. The one-electron-oxidized com-
pound 2 was obtained by treating 1 with [FeCp,][PF¢] (Cp
= cyclopentadienyl) in CH,Cl,. The axial ligand exchange
of compound 2 to generate compound 4 was achieved by
stirring 2 with an excess amount of NaNCS in CH,Cl,. The
one-electron-reduced compound 3 was obtained by treat-
ment of 4 with N,H, in CH,Cl, or by reaction of Hpyany
and Hstsdpda with Ni(OAc), in naphthalene heated at re-
flux followed by ligand exchange.

X-ray Analysis

The crystallographic data for 1-4 are listed in Table 1.
The labeled ORTEP plots excluding solvent molecules and
selected bond lengths for all complexes are reported in Fig-
ures 1, 2<yigr2 pos="x11">, 3, 4, and 5. The core struc-
tures of 1-4 reveal a tetranickel framework, which are heli-
cally wrapped by two pyany and two tsdpda®  ligands.
These ligands adopt a (2,2)-trans arrangement, which
causes these compounds to exhibit an approximate C, sym-
metry. Crystallographically, compounds 1-4 all exhibit one
independent metal string in an asymmetric unit.

The tetranickel cores of 2 and 4 are [Niy]**, in which the
coordination environment of the terminal Ni(1) and Ni(4)
atoms is square pyramidal, whereas that of Ni(2) and Ni(3)
is square planar. The outmost Ni(1)-N and Ni(4)-N bond
lengths are around 2.10 A, thereby suggesting a high-spin
nickel(IT) (S = 1) character.’! The inner Ni(2) and Ni(3)

Table 1. X-ray crystallographic data for 1, 2, 3, and 4.

Eur|IC

European Journal
of Inorganic Chemistry

Figure 1. Molecular structure of complex 1. Ellipsoids are drawn
at 30% probability levels. Hydrogen atoms and interstitial solvent
molecules have been omitted for clarity.

are of a low-spin nickel(II) electronic configuration (S = 0)
judging by their short Ni-N bond lengths (ca. 1.90 A).[9]
The axial ligands at the terminal Ni'! ions of 2 and 4 are
different. The large PFs ion of 2 does not bond to the
Ni(4) ion due to the steric interaction with the two tolylsul-
fonyl groups. Instead of the PF4 ion, a neutral H,O mole-
cule occupies the axial position. Hydrogen bonds were ob-
served between the hydrogen atoms of H,O and oxygen
atom of two tolylsulfonyl groups. The small NCS ligand,
however, does not show steric interaction with the tolylsul-
fonyl groups. Compound 4 has two axial NCS ligands and
is suitable for conductivity measurement.!

1:3.5CH,Cl,'CsH 4 2-2CH,Cl,°Et,O 3-4CH,Cl,-0.5EtOH 4-3.5CH,Cl,
Formula Ceo.sHg7ClsN16Ni404S;  CoeHgrClsFgN NigO6PS, Co6Hs7CIgN7Ni4O4 5S3 Cos.sHs3ClN 1gNi, 0484
M, 1815.41 1796.5 1806.95 1783.51
Crystal system triclinic triclinic triclinic monoclinic
Space group P1 Pl Pl C2le
a [A] 15.0592(5) 14.3336(2) 14.9080(4) 39.7482(9)
b [A] 15.9191(6) 14.8998(2) 15.6760(4) 16.0945(5)
c [A] 17.8018(6) 18.7954(3) 17.6095(5) 25.8662(6)
a[°] 81.483(2) 75.8719(8) 81.8419(17) 90
BI° 74.805(2) 87.4940(7) 75.5677(18) 118.1843(14)
7 [°] 68.839(2) 68.2975(9) 70.4780(18) 90
V [A3] 3833.9(2) 3611.92(9) 3748.57(17) 14585.3(7)
VA 2 2 2 8
T [K] 150(2) 150(2) 150(2) 293(2)
Pealcd. [gem 3] 1.573 1.652 1.601 1.624
R1Ehw RPN [[>24(1)]  0.0755/0.2061 0.0759/0.2297 0.0738/0.1981 0.0711/0.1936

R1/wR2M! (all data)  0.1039/0.2331 0.1179/0.2614

0.1141/0.2330 0.1380/0.2300

[a] R1 = S||F,| — |FVEIF,). [b] wRy = {S[w(F2 — F22YS[w(F2)2]}”, in which w = 1/6?(F2) + (aP)> + bP, P = (F2 + 2F2)3.
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F(6)
F(3) F(2

Figure 2. Molecular structure of complex 2. Ellipsoids are drawn
at 30% probability levels. Hydrogen atoms and interstitial solvent
molecules have been omitted for clarity.

The one-electron-reduced compounds 1 and 3 possess a
[Niy]”* core. Compounds 1 and 3 display a significantly
shorter Ni(4)-Ni(3) bond length (ca. 2.28 A) and a longer

Figure 3. Molecular structure of complex 3. Ellipsoids are drawn
at 30% probability levels. Hydrogen atoms and interstitial solvent
molecules have been omitted for clarity.

Ni(3)-N bond length (ca. 2.00 A) than 2 and 4. These struc-
tural variations indicate that an extra electron occupies the
d. e orbital of Ni(3), which results in the formation of a
three-electron, two-center Ni(4)-Ni(3) o bond and the S =
3/, mixed-valence [Ni,]** unit.>7 The Ni(1)-N and Ni(2)-
N bond lengths of 1 and 3 are around 2.09 and around
1.90 A, respectively. Considering these Ni-N bond lengths
and the coordination spheres of Ni(1) (square pyramidal)

Figure 4. Molecular structure of complex 4. Ellipsoids are drawn at 30% probability levels. Hydrogen atoms and interstitial solvent

molecules have been omitted for clarity.
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Figure 5. Selected interatomic distances [A] observed for complexes
1-4.

and Ni(2) (square planar), the Ni(1) and Ni(2) ions were
assigned to high-spin (S = 1) and low-spin (S = 0) nickel(II)
ions, respectively.l>-°!

In our previous reports, the mixed-valence (MV) [Ni,]**
unit (Scheme 4) was found to be stabilized by four less an-
ionic naphthyridyl groups.>” The crystal structural analy-
sis of 1 and 3, however, suggests that the [Ni,]** unit can
be stabilized by only two instead of four naphthyridyl
groups, which might allow us to modulate the physical
properties of metal string complexes by modifying the other
two ligands.

Eur. J. Inorg. Chem. 2010, 3153-3159

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

Eur|IC

European Journal
of Inorganic Chemistry

N|—N|—-—N|—v—N|—;—X

H

%1

MV [Ni]** unit
S=3/2

| —
J

Scheme 4. Coupling scheme for complexes 1 (X = Cl) and 3 (X =
NCS).

Magnetism

Magnetic susceptibility measurements for compounds 1—
4 were made on polycrystalline samples in the temperature
range of 4-300 K (Figure 6). The ym7 product values
(cm*mol ' K) of compounds 2 and 4 at 300 K are 2.03 and
1.81, respectively. These values are similar to that obtained
from complexes with two uncoupled high-spin Ni'' (S = 1)
ions (ca. 2).3%1 The yT values of 2 and 4 decrease grad-
ually with decreasing temperature, which clearly indicates
that an antiferromagnetic coupling is operating. To study
the coupling constant of 2 and 4, an isotropic Heisenberg—
Dirac-van Vleck (HDvV) Hamiltonian — see Equation (1) —
with S; = S, = 1 was used.®

H=-JS,S, + gfSH ()

2.0

N
(6}
1

7, T lem’ K mol|
°

0 50 100 150 200 250 300
T[K]

Figure 6. Plot of y\T versus T for complexes 1-4. The solid line
represents the best theoretical fit.

The best-fit parameters obtained were J = —70.7 cm™!
and g = 2.04 for 2; J = —-68.8cm™! and g = 1.98 for 4.
The coupling constant J is in agreement with the moderate
antiferromagnetic interaction.

According to the X-ray structural analysis and our pre-
vious studies, the spin centers of 1 and 3 can be assigned to
S =3/, and S = 1 (Scheme 4). The yuT product values
(cm*mol ' K) of compounds 1 and 3 at 300 K are 1.81 and
1.83, respectively, which are significantly lower than the
theoretical expected value for two uncoupled S = 3/, and S
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= | magnetic centers (ca. 2.88), thus indicating a relative
strong antiferromagnetic interaction.’’ Upon cooling, the
amT product values of 1 and 3 decrease rapidly to reach a
value of 0.46 and 0.28, respectively, at 4 K. This pattern
suggests the presence of an antiferromagnetic coupling be-
tween S = 3/, and S = 1 centers and a S = ' ground state.
By means of the appropriate HDvV Hamiltonian [see
Equation (1), S, = 3/, S, = 1], the experimental suscep-
tibility curve could be well reproduced with the set of pa-
rameter J = 121 cm ! and g = 2.12 for 1; J = -89.3 cm ™!
and g = 1.97 for 3, which shows a relative stronger antifer-
romagnetic interaction.

Conclusion

Four linear tetranickel string complexes supported by
mixed pyany  and tsdpda® ligands were synthesized and
studied. An X-ray crystal structural analysis and the mag-
netic properties of compounds 1 and 3 indicate the forma-
tion of a mixed-valence S = 3/, [Ni,]** unit. It was found
that the [Ni,]** unit can be stabilized by two naphthyridyl-
containing ligands and the remaining two surrounding li-
gands can be modified. It is noteworthy that even-num-
bered metal strings exhibit structural and magnetic behav-
ior that is different from odd-numbered ones.'” The physi-
cal properties of even-numbered metal string complexes,
could thus be tentatively fine-tuned by utilizing various sets
of mixed ligands, which introduces a new approach to the
development of future metal string complexes.

Experimental Section

Materials: All reagents and solvents were purchased from commer-
cial sources and were used as received unless otherwise noted. The
precursor 2-chloro-1,8-naphthyridine and the ligand N-(p-tolylsul-
fonyl)dipyridyldiamine (H,tsdpda) were prepared according to the
literature procedures.>10]

2-(o-Pyridylamino)-1,8-naphthyridine ~ (Hpyany):  2-Chloro-1,8-
naphthyridine (4.95 g, 30.2 mmol), tBuOK (4.37 g, 39.0 mmol),
[Pdy(dba)s] (0.820 mg, 0.895 mmol), and dppp (0.740 mg,
1.80 mmol) were placed in a flame-dried flask under argon. The
mixture was stirred and heated at reflux in toluene (150 mL) for
72 h. The solvent was removed under reduced pressure. The mix-
ture was purified by column chromatography over silica gel (Hpy-
any/silica gel = 0.9 wt.%) with CH,Cly/acetone (1:4), then the yel-
low powder of the Hpyany was obtained. Yield: 60%. 'H NMR
(400 MHz, [DIDMSO): § = 10.3 (s, 1 H), 8.81 (dd, J = 4.0, 4.8 Hz,
1 H), 858 (d, J = 8.8 Hz, 1 H), 8.29 (dd, J = 3.6, 4.8 Hz, 1 H),
8.19 (t, J = 19.2Hz, 1 H), 8.18 (t, J = 16.8 Hz, 1 H), 7.80 (tt, J =
15.6, 16.0 Hz, 1 H), 7.60 (d, J = 9.2 Hz, 1 H), 7.33 (dd, J = 7.6,
8 Hz, 1 H), 6.99 (tt, J = 12.0, 12.4 Hz, | H) ppm. MS (FAB): m/z
= 223.1 [C;3N4H, o + H]*. Cj3H oNy (222.25): caled. C 70.26, H
4.54, N 25.21; found C 70.27, H 4.66, N 25.55.

[Niy(pyany),(tsdpda),Cl] (1): A mixture of Hpyany (150 mg,
0.675 mmol), H,tsdpda (230 mg, 0.675 mmol), naphthalene (30 g),
and NiCl, (230 mg, 1.77 mmol) was placed in an Erlenmeyer flask.
After stirring the mixture at 200 °C for 12 h, tBuOK (240 mg,
2.14 mmol) in tBuOH (3 mL) was added dropwise. The solution
then turned dark green and was stirred for an additional 8 h. After
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cooling the mixture to 70 °C, hexane was added and the resulting
precipitate was filtered out. The solid (yield 314 mg, 67 %) was ex-
tracted with CH,Cl, and layered with hexane. After one week,
deep green crystals were obtained; yield 23.4mg, 5%. MS
(MALDI): m/z = 1390 [Nig(pyany),(tsdpda),Cl + H]*.
Ci25H06CL4N3:NigOS, (2956.01): caled. C 50.79, H 3.61, N
15.16; found C 50.46, H 3.60, N 15.28.

[Niy(pyany),(tsdpda),CI(H,0)](PF¢) (2): The complex 1 (20.0 mg,
0.0144 mmol) was dissolved in CH,Cl, (50 mL) and treated with
[FeCp,][PF4] (5.30 mg, 0.0170 mmol). The resulting solution was
stirred for 2 h and dried under vacuum. The powder was extracted
with CH,Cl,/diethyl ether (1:1) to get rid of the FeCp,. The solvent
was removed under vacuum. The residue was dissolved in CH,Cl,.
Brown crystals were obtained by slow diffusion of diethyl ether into
this solution; yield 16.2 mg, 70%. MS (FAB): m/z = 1389 [Ni,-
(pyany)y(tsdpda),CI]*.  Ci5;HogCl4F 5N3,NigO1oP,Sy  (3189.82):
caled. C 45.56, H 3.10, N 14.05; found C 45.67, H 3.15, N 13.98.

[Nis(pyany),(tsdpda),(NCS)] (3): A mixture of Hpyany (150 mg,
0.675 mmol), Hytsdpda (230 mg, 0.675 mmol), naphthalene (30 g),
and Ni(OAc),"4H,0 (400 mg, 1.61 mmol) was placed in an Erlen-
meyer flask. After stirring the mixture at 200 °C for 18 h, the mix-
ture was cooled to 150 °C and NaNCS (270 mg, 3.33 mmol) was
added. The solution then was stirred for an additional 2 h. After
cooling the mixture to 70 °C, hexane was added and the resulting
precipitate was filtered out. The solid (yield 353 mg, 74%) was ex-
tracted with CH,Cl, and layered with hexane. After one week, deep
green crystals were obtained; yield 47.7 mg, 10%. MS (FAB): m/z
= 1413 [Nig(pyany),(tsdpda),NCS + H]J*. Cg3HsoCI4N{7NizO4S5
(1581.96): calcd. C 47.83, H 3.19, N 15.05; found C 47.52, H 3.35,
N 15.96.

[Niy(pyany),(tsdpda),(NCS),] (4): Complex 2  (20.0 mg,
0.0124 mmol) was dissolved in CH,Cl, (50 mL) and treated with
NaNCS (10.0 mg, 0.123 mmol). The resulting solution was stirred
for a week and dried under vacuum. The solid was extracted with
CH,Cl, and layered with hexane. After one week, deep brown crys-
tals were obtained; yield 12.8 mg, 70%. MS (FAB): m/z = 1413
[Niy(pyany),(tsdpda),NCS + H]". C¢4Hs0CI14NgNi40,4S; (1640.05):
caled. C 46.87, H 3.07, N 15.37; found C 46.51, H 3.41, N 15.70.

Physical Measurements: FAB mass spectra were recorded with a
JEOL HX-110 HF double-focusing spectrometer operating in the
positive-ion detection mode. The MALDI spectra were performed
with a MALDI-TOF mass spectrometer Voyager DE-STR. 'H
NMR spectra were recorded in DMSO with a Bruker AMX
400 MHz spectrometer. Magnetic susceptibility data were collected
with a Quantum external magnetic field 3000 G instrument.

X-ray Structure Determinations: Crystallographic data were col-
lected at 150(1) K with a NONIUS Kappa CCD diffractometer
with graphite-monochromatized Mo-K, radiation (1 = 0.71073 A).
Cell parameters were retrieved and refined with DENZO-SMN
software on all observed reflections. Data reduction was performed
with the DENZO-SMN software.[''l An empirical absorption was
based on the symmetry-equivalent reflection, and absorption cor-
rections were applied with the SORTAV program.!'?l All the struc-
tures were solved and refined with the SHELX-97 programs.l® The
hydrogen atoms were included in calculated positions and refined
with a riding mode.

CCDC-763548 (for 1), -763680 (for 2), -763682 (for 3), and -763681
(for 4) contain the supplementary crystallographic data for this pa-
per. 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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Due to the lability of one of the CO ligands in trans-[Fe(PNP)-
(CO),CI]* this compound is an efficient catalyst for the cou-
pling of a series of aromatic aldehydes with ethyl diazoacet-
ate (EDA), which give, in most cases, selectively 3-hydroxy-
acrylates rather than f-oxo esters. This reaction is strongly
dependent on the nature of the counterion. Whereas with
BF,” the reaction proceeds with conversions up to 90 %, in

the case of the counterions NOj;~, CF;COO-, CF3;SOj5,
SbFs~, and BAr',~ [Ar’ = 3,5-(CF3),CgHs] no reaction took
place. In the case of PFs only up to 20 % conversion was
achieved. A conceivable mechanism for the coupling of aro-
matic aldehydes with EDA was established by means of
DFT/B3LYP calculations, which allowed the rationalization
of both the chemoselectivity and the role of the counterions.

Introduction

Aromatic aldehydes are known to react with ethyl diazo-
acetate (EDA) in the presence of Lewis acids such as
BF3, ZnCl,, AICl;, GeCl,, and SnCly to give mainly ethyl
3-aryl-3-oxopropanoates (B-oxo esters) I in high yields
(Scheme 1).1'31 Hossain and co-workers have found that the
dicarbonyl(cyclopentadienyl) complex [FeCp(CO),(thf)]-
BF, is an excellent catalyst for the coupling of aromatic
aldehydes with EDA to afford ethyl 2-aryl-3-hydroxy-
acrylates (3-hydroxyacrylates) II as the main product
(Scheme 1).1 They applied this methodology to the synthe-
sis of the Naproxen precursor 2-(6-methoxy-2-naphthyl)-
propenoic acid and other related compounds.*® Later on
the same authors also showed! that even the simple
Bronsted acid HBF4-Et,0 is an active catalyst for the prep-
aration of I and II

CHO
R__I\ O H_ OH
Z COOEt |
catalyst A
+ > | _ S COOEt
R/ R/'/
| |

N

PN

H™ "COOEt

Scheme 1.
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Likewise, Kanemasa et al. also reported the synthesis of
I and II using ZnCl, in the presence of chlorotrimethylsil-
ane as catalyst.[®! Very recently, Pérez and co-workers have
reported the use of N-heterocyclic carbene based gold com-
plexes, which are capable of mediating this reaction with
low catalyst loadings and high reaction rates.l” In all these
examples, however, a major problem is the selectivity since
typically mixtures of I and II are obtained. In this context
we have shown!®! that cationic iron pincer complexes of the
types [Fe(PNP)(CH3CN)s](BF4), and [Fe(PNP)(CO)-
(CH3CN),J(BF,)> (PNP are various tridentate pincer-type
ligands based on 2,6-diaminopyridine), which contain labile
CH;CN ligands, are active catalysts for the coupling of aro-
matic aldehydes with EDA to selectively form L) The for-
mation of II is typically below 3 %.

As part of our ongoing research on the synthesis and
reactivity of iron(II) pincer complexes!'”) we have recently
prepared cationic complexes of the types trans-
[Fe(PNP)(CO),CI*.'l These complexes are unusual as
they feature two CO ligands in a mutual trans position
making one of them comparatively labile, which may thus
be replaced by other potential ligands. Accordingly, trans-
[Fe(PNP)(CO),CI]" complexes may be promising candi-
dates as precatalysts for Lewis acid catalyzed reactions.
Here we report on our investigations on the catalytic ac-
tivity of the iron pincer complex trans-[Fe(PNP-iPr)(CO),-
CIIX with X = NO;, CF;COO", CF;SO;, BF,, PFq,
SbFy, BAr'y [Ar’ = 3,5-(CF3),C¢Hs] in the coupling of
aromatic aldehydes with EDA. Mechanistic aspects of this
reaction will be supported by DFT/B3LYP calculations.

Eur. J. Inorg. Chem. 2010, 3160-3166
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Results and Discussion

In the present study complexes of the type trans-
[Fe(PNP-iPr)(CO),CI]X (1-X) with X = NO;~, CF;COO,
CF;3SO5-, BF,, PFq4, SbFg4, and BAr', were used as pre-
catalysts. They were prepared by treating [Fe(PNP-iPr)Cl,]
with 1 equiv. of the respective silver or sodium salts in the
presence of CO. It has to be noted that the synthesis of the
corresponding cis isomer, cis-[Fe(PNP-Ph)(CO),Br]BPhy,
has been described recently and was found to be catalyti-
cally inactive for the coupling of aromatic aldehydes and
EDA.P! In order to evaluate the scope and limitations of

European Journal
of Inorganic Chemistry

the these compounds we first focused on 1-BFy4 as precata-
lyst for the coupling of various aromatic aldehydes and
EDA. The results of this study are provided in Table 1. Op-
erationally, EDA and aldehyde were mixed in a 1:1 ratio
together with 10 mol-% of 1-BF4 in CH3NO, as the solvent,
and the solution was stirred at room temperature for 16 h.
Although the catalytic reactions were routinely performed
under argon, admission of air did not affect the yields. In
most cases 3-hydroxyacrylates II, as judged from the 'H
NMR spectra of the crude reaction mixture, were formed
selectively. The formation of B-oxo esters I is typically

Table 1. Yields of 3-hydroxyacrylates from the reactions of aromatic aldehydes with EDA catalyzed by trans-[Fe(PNP-iPr)(CO),Cl]-

BF, (1-BF,).1!

Entry Aldehyde 3-Hydroxyacrylate  Yield (%) Entry Aldehyde 3-Hydroxyacrylate  Yield (%)
H_ OH H_ OH
CHO | CHO ]
1 y o/©/ COOEt 88 11 Me0/©/ COOEt 45
e MeO e MeO
H OH OMe
£HE | H_ OH
2 71 MeO CHO
COOEt |
B . 12 \©: Meo\©i\[oooa 48
OMe
H._ OH OMe
CHO | W OH
a COOEt 90 |
gl - COOEt 48
CHO
H_ OH OH
| o L )
N /©/ COOHt o o I COOE
Br . t 13
H_ OH
eHo | HOHOH
5 /©/ COOEt 43 FY
MesN
z Me,N of OH COOEt o4
H_ OH ' | &
cHO | 14 COOEt &
9 cooet 84 ol
Ph o F COOEt 19
H_ OH cl
CHO W OH
7 ©/ COOEt 76 |
COOEt 35
CHO
H_ OH
8 @( COOEt 63 ON (i
Kl . /©)\cooa 13
e
H_ OH O:N
CHO ] H_ OH
9 Q/ COOE 68 /©lcooa a5
CHO
M
e Me 16 /©/ N
H_ ,OH NC Ol
CHO | COOEt 11
10 /©/ COOE 69
Me . NC

[a] Reaction conditions: 1 equiv. aldehyde, 1 equiv. EDA, 10 mol-% catalyst, CH3;NO, as solvent, room temp., reaction time 16 h; yields
represent isolated yields (average of at least three experiments). [b] The yield of B-oxo ester is <3% unless indicated.
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< 3%, whereas the formation of epoxides was not observed
in any of these reactions. The yields of 3-hydroxyacrylates
are in the range of 34-90%. The catalytic effect of the iron
complexes was confirmed by running the reaction of p-anis-
aldehyde and EDA without catalyst. No product was
formed, and only starting materials were isolated from the
reaction mixture.

In Lewis acid catalyzed transformations the nature of the
counterion sometimes has a strong effect on reaction rates,
yields, and even product distribution.['>!3 Therefore, we
also investigated the influence of the counterion on the cou-
pling of aromatic aldehydes with EDA by using trans-
[Fe(PNP-iPr)(CO),CI]X (1-X) complexes as catalyst precur-
sors (containing the counterions X~ = NOj;, CF;COO,
CF3SO;7, PFs, SbFs, BAr'y) and p-anisaldehyde as
model substrate. Complexes 1-X bearing the coordinating
anions NO5;~, CF;COO™ or CF;SO5™ turned out to be com-
pletely inefficient and no conversion was observed (Fig-
ure 1). This may be explained by competition of the anion
and the substrate for the Lewis acid site.'!! If this is the
case for all counterions, one would expect the activity of
the precatalyst to increase in the order NO; < CF;COO
< CF;S0; < BF; < PF4 < SbF4s < BAr’, . Surpris-
ingly, this is not the case. In fact, complexes 1-X bearing the
non-coordinating anion BAr’,” or the poorly coordinating
anion SbF¢ turned out to be completely inefficient,
whereas in the case of 1-X with PF¢ as weakly coordinating
counterion the conversion was merely 20%. In order to ex-
plain this phenomenon we propose that the weakly coordi-
nating anions interact simultaneously with either catalyst,
coordinated aldehyde and/or EDA by hydrogen-bonding in-
teractions, which must be highly sensitive to the nature of
the anion. This observation is in strong contrast to the reac-
tion of aromatic aldehydes and EDA catalyzed by both
[Fe(PNP)(CH3;CN);](BF,), and [Fe(PNP)(CO)(CH;CN),]-
(BF,),, where no anion dependence was observed.[’]

CHO Ny
+
/©/ HJ\cooa
MeQ'

BF, M
804 H. OH

100+

10 mol-% [Fe]
60 20°C, 16h

Yield (%)

COOEt

MeQ'
40

[Fe] = trans-[Fe(PNP-Pr)(CO),CIIX

20 PF
NO,~ CF,COO- N’F;
o4 m =——8 CF,SO,- m BAr,-

Counterion (X7)

Figure 1. Plot of yield vs. counterion (X) of the coupling of EDA
with p-anisaldehyde catalyzed by trans-[Fe(PNP-iPr)(CO),CI]X.

In order to gain insight into to mechanism of this cata-
lytic process and the subtle and unusual anion effect,
DFT calculations were performed. As model systems
[Fe(PNP-Me)(CO)(Cl){x!(O)-benzaldehyde}]* (A), [Fe-
(PNP-Me,iPr)(CO)(Cl){x'(O)-benzaldehyde!]* (A’) (see
3162
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Scheme 2), and methyl diazoacetate (MDA) were chosen. A
mechanistic proposal for the coupling of aromatic alde-
hydes with MDA catalyzed by A with no counterion inter-
actions considered — as would be the case for BAr',~ and
possibly also SbF¢ — is depicted in Scheme 3 and Figure 2.

O 9+ 0 T+
NH-PMe, NH-PMe,
N—Fe—CI

< :N—/FT—CI
NH-R NH P\ \(Q
RO e

A Me H Me Me

Scheme 2.

Since CO exhibits a strong trans effect (and trans influ-
ence) one of the two CO ligands is substitutionally labile.['!]
Accordingly, facile dissociation of one CO ligand and sub-
sequent addition of an aldehyde molecule (which is present
in large excess under catalytic conditions, benzaldehyde in
the calculations) affords [Fe(PNP-Me)(CO)(Cl){x!(O)-
benzaldehyde}]* (A).

Nucleophilic attack of MDA to the coordinated aldehyde
yields, via transition state TS,p, intermediate B. Upon N,
loss the carbenium ion is stabilized by a comparatively
strong C--Cl (1.87 A) interaction. Once TS s is reached the
changes associated with this step are already visible. The
new C—C bond formed is 1.57 A, while at the same time N,
is moving away from the original MDA molecule with a C—
N separation of 1.77 A. Despite the fact that a new C-C
bond is formed and N, is liberated, the activation barrier
for this process is as high as 41.4 kcal/mol. Consequently,
despite the exergonicity (-3.2 kcal/mol), the kinetic barrier
for the formation of B is prohibitively high and thus an
unlikely scenario. Nevertheless, preferential migration of
the aryl substituent (energy of activation is 13.9 kcal/mol)
over hydride migration (energy of activation is 27.4 kcal/
mol) leads eventually to C featuring a x'(O)-coordinated
aldehyde—ester ligand, going over TS, while hydrogen mi-
gration affords D featuring a x'(O)-coordinated B-oxo ester
ligand, passing through TSgp. The structures of all transi-
tion states are intermediate between the minima involved in
each path. Thus, in TSgp the transferring hydride is bridg-
ing the two C atoms with distances of 1.16 and 1.73 A,
while in TSpc the migrating phenyl group exhibits C—Cpy,
distances of 1.64 and 1.96 A. After liberation of the ester—
aldehyde in C by coordination of incoming aldehyde sub-
strate, that molecule rapidly tautomerizes to yield the corre-
sponding thermodynamically more stable 3-hydoxyacryl-
ates. This mechanism may explain why the reaction is not
proceeding in the case of non- and very weakly coordinat-
ing counteranions, i.e., BAr', and SbFg, since it was calcu-
lated in the absence of the counterion, and the energy bar-
rier involved is too high for a feasible reaction given the
experimental conditions (room temperature, 16 h).

The possible participation of the counterion (BF,") in
the reaction was also investigated computationally, and the
results are presented in Figure 3. The pathway obtained for
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Figure 2. Energy profile for the coupling of [Fe(PNP-Me)(CO)(Cl){x!(O)-benzaldehyde}]* (A) and methyl diazoacetate (MDA) in the
absence of the counterion BF, (energies in kcal/mol, numbers in parentheses are solvent-corrected energies; solvent: CH;NO,).

the formation of k'(O)-coordinated B-oxo ester BH is repre-
sented on the left-hand side of Figure 2. In the reagent AH
there is a network of hydrogen bonds connecting the
counterion BF, with the complex and the MDA molecule
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in a cyclic arrangement: complex(NH)-*BF; -=*MDA--
coordinated benzaldehyde. From AH the reaction follows a
single-step mechanism to the formation of the final product
BY showing that the overall process is slightly facilitated
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A" = A-BF,~MDA

AAT = A"BF,~-MDA

Figure 3. Energy profile for the coupling of [Fe(PNP-Me,iPr)(CO)(Cl){x'(O)-benzaldehyde}]* (A’) and methyl diazoacetate (MDA) in-
volving of the counterion BF,~ through hydrogen bonding (A" and AA%). Left-hand side: hydrogen migration; right-hand side: phenyl
migration (energies in kcal/mol, numbers in parentheses are solvent-corrected energies; solvent: CH;NO,).

with respect to the mechanism calculated without anion
that requires two steps to accomplish the reaction (Fig-
ure 2). In the transition state TSH,p the new C-C bond is
already formed (1.51 A), while loss of N, is underway
(den = 1.93 A). At the same time, the shifting hydrogen
atom 1is starting to move from the carbonyl carbon atom
(de 1 = 1.13 A) towards the adjacent carbon atom (dc
= 1.93 A). The activation energy calculated for this path
(38.9 kcal/mol) is lower than the one obtained for the
“anion-free” reaction (41.4 kcal/mol).

The energy profile calculated for the formation of the
k!(O)-coordinated aldehyde BA', resulting from aryl mi-
gration with participation of the BF, anion is represented
on the right-hand side of Figure 2. It should be noted that
this pathway was calculated with the model complex trans-
[Fe(PNP-Me,iPr)(CO),CI]* (A’, see Scheme 2) where one of
the four P-methyl substituents is replaced by a bulkier iso-
propyl group. This is a more realistic model, closer to the
real system, and its use was necessary in order to prevent
BF, to form a strong hydrogen bond to the acidic N-H
proton of the PNP ligand in the transition state, thereby
promoting aryl migration rather than hydrogen migration.
Computational limitations prevent us from using the real
complex (with four isopropyl groups) due to the size of the
system. The calculated path starts from the aggregate of the
three species: the Fe complex, the BF, anion, and the
MDA molecule held together by means of hydrogen interac-
tions (AAY). From here, the reaction is accomplished in one
single step through transition state TSAT,g. In TSA",p the
new C—C bond is already formed (1.52 A), and loss of one
N, molecule is still proceeding (dc n = 1.83 A), while at the
same time the phenyl group starts to migrate between the
two adjacent carbon atoms [dc cpny = 1.58 and 2.29 Al.
The activation energy associated with this path is 32.1 kcal/
mol and thus lower than the one obtained for the formation
3164
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of the B-oxo ester complex BY (38.9 kcal/mol) indicating
that the aldehyde should be the product formed in the reac-
tion, in agreement with the experimental observations.

It should be added that the effect of PF4 as counterion
was also investigated. However, we were unable to locate
any transition states, which may have led to experimentally
observed products. In addition, solvation effects were evalu-
ated with the polarized continuum model (PCM), leading
to similar results with only 2-4 kcal/mol differences (see
Figures 2 and 3, numbers in parentheses refer to solvent-
corrected energies, solvent = CH3;NO,).

Conclusion

We have shown that the trans-dicarbonyl complex trans-
[Fe(PNP-iPr)(CO),CI]IX with X = BF, is an efficient pre-
catalyst for the coupling of aromatic aldehydes with ethyl
diazoacetate. A general and efficient protocol for this pro-
cess has been developed and various aromatic aldehydes
have been used as substrates. In most cases, 3-hydroxy-
acrylates rather than B-oxo esters are selectively obtained.
The catalyst is part of a new generation of air-stable, well-
defined iron PNP pincer-type systems. However, this reac-
tion turned out to be strongly dependent on the nature of
the counterion. Whereas with BF,  the reaction proceeds
with conversions up to 90%, in the case of NOsj-,
CF;COO, CF5;S0;57, SbF4, and BAr',  no reaction took
place. With PF¢ about 20% conversion was observed. A
conceivable mechanism for the coupling of aromatic alde-
hydes with EDA was established by means of DFT/B3LYP
calculations, rationalizing both the chemoselectivity and the
role of the counterions. The calculated mechanism indicates
that the selective formation of 3-hydroxyacrylates II over 3-
oxo esters I, as experimentally observed, results from a
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lower energy barrier and, thus, a more favorable reaction
pathway that is stabilized by means of hydrogen-bond for-
mation with the BF,~ anion.

Experimental Section

General: All manipulations were performed under argon by using
Schlenk techniques. Solvents were purified according to standard
procedures.'®t NaBAr’, was prepared according to the literature.l'”]
Deuterated solvents were purchased from Aldrich and dried with
molecular sieves (4 A). 'H, '3C{'H}, and 'P{'H} NMR spectra
were recorded with a Bruker Avance-250 spectrometer and were
referenced to SiMey (*H, '3C) and H;PO, (85%) (*'P).

trans-|Fe(PNP-iPr)(CO),CI|BF,; (1'BF,): Carbon monoxide was
bubbled through a solution of Fe(PNP-iPr)Cl, (1.18 g, 2.52 mmol)
in CH3;NO, (60 mL) at room temperature, whereupon the brownish
solution turned into a blue suspension. After 2min, AgBF,
(0.494 g, 2.54 mmol) was added. The bubbling was continued for
additional 10 min allowing the bluish suspension to turn into a red
suspension. After filtration through a syringe filter, the solvent was
removed under reduced pressure to afford a red solid, which was
washed with diethyl ether and dried under vacuum. Yield: 1.12 g
(77%). C19H33CIF,FeN;O,P; (564.73): caled. C 39.65, H 5.78, N
7.30; found C 39.60, H 5.81, N 7.27. 'H NMR (CD3;NO,, 20 °C):
6=1729(t,J =78Hz 1 H, py*, 6.63 (s, 2 H, NH), 6.21 (d, J =
7.8 Hz, 2 H, py*3), 3.25 [m, J = 6.7 Hz, 4 H, CH(CH3),], 1.56 [s,
12 H, CH(CH,),], 1.53 [s, 12 H, CH(CH3),] ppm. 3C{'H} NMR
(CD3NO,, 20°C): 6 = 211.6 (t, J = 244 Hz, CO), 1614 (t, J =
6.2 Hz, py>©), 141.2 (py*), 100.0 (t, J = 3.0 Hz, py>?), 31.7 [vt, J =
12.2 Hz, CH(CHjs),], 16.9 [d, J = 3.7 Hz, CH(CHs),] ppm. 3'P{'H}
NMR (CD3NO,, 20 °C): 0 = 119.2 ppm. IR [ATR (attenuated total
reflection)]: v = 2020 (ve=p) cm ™.

trans-|[Fe(PNP-iPr)(CO),CI|CF3SO; (1:CF3S0;3): This complex
was prepared analogously to 1-BF4 with Fe(PNP-iPr)Cl, (354 mg,
0.76 mmol) and AgCF;SO; (198 mg, 0.77 mmol) as the starting
materials. Yield: 288 mg (60%). IR (ATR): ¥ = 2015 (ve=p) cm ™.

trans-|Fe(PNP-iPr)(CO),CI|CF;COO (1-:CF3COO): This complex
was prepared analogously to 1-BF4 with Fe(PNP-iPr)Cl, (318 mg,
0.68 mmol) and AgCF;COO (153 mg, 0.69 mmol) as starting mate-
rials. Yield: 137 mg (34%). C,;H33CIF3FeN;O4P, (601.75): calcd.
C41.92, H 5.53, N 6.98; found C 41.80, H 5.41, N 6.87. IR (ATR):
¥ = 2012 (Vve=o) cm L.

trans-|[Fe(PNP-iPr)(CO),CIINO; (1:NO3): This complex was pre-
pared analogously to 1-BF; with Fe(PNP-iPr)Cl, (212 mg,
0.45 mmol) and AgNO; (80 mg, 0.47 mmol) as the starting materi-
als. Yield: 152 mg (61%). IR (ATR): ¥ = 2005 (vc=o) cm .

trans-|[Fe(PNP-iPr)(CO),CI|PF¢ (1-PF¢): This complex was pre-
pared analogously to 1-BF; with Fe(PNP-iPr)Cl, (219 mg,
0.47 mmol) and AgPF¢ (123 mg, 0.49 mmol) as the starting materi-
als. Yield: 219 mg (74%). IR (ATR): ¥ = 2020 (vc=o) cm .

trans-|Fe(PNP-iPr)(CO),CI|SbF¢ (1-SbFg): This complex was pre-
pared analogously to 1-BF; with Fe(PNP-iPr)Cl, (300 mg,
0.64 mmol) and AgSbF (230 mg, 0.67 mmol) as the starting mate-
rials. Yield: 324 mg (70%). IR (ATR): ¥ = 2016 (vc=p) cm ™.

trans-|Fe(PNP-iPr)(CO),CI|BAr’, (1'‘BAr’'4): NaBAr', was added
to a suspension of 1-BF4 (156 mg, 0.27 mmol) in toluene (40 mL)
at room temperature and was stirred for 2 h, whereupon the solu-
tion turned red, and a precipitate was formed. Then, the mixture
was filtered through a syringe filter, and the solvent was evaporated
under reduced pressure to afford a red oil. Washing with n-pentane
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afforded a red solid, which was dried under vacuum. Yield: 164 mg
(45%). IR (ATR): v = 2012 (ve=p) cm.

General Procedure for the Iron(II)-Catalyzed Synthesis of 3-Hy-
droxyacrylates: In a typical experiment, aldehyde (ca. 3-5 mmol,
1 equiv.) and ethyl diazoacetate (ca. 3-5mmol, 1equiv.) were
added to a solution of the catalyst (ca. 0.3-0.5 mmol, 10 mol-%) in
CH;3NO, (5 mL), and the mixture was stirred at room temperature
for 16 h. The mixture was then filtered through a plug of silica to
remove the catalyst, and the product was purified by flash
chromatography (silica, CH,Cl,). In the case of p-(dimethylamino)-
benzaldehyde, CH3CN was used as eluent.

Computational Details: Calculations were performed by using the
Gaussian 03 software package,!'8! and the B3LYP functionall!*]
without symmetry constraints. The optimized geometries were ob-
tained with the Stuttgart/Dresden ECP (SDD) basis set?”) to de-
scribe the electrons of the iron atom. For all other atoms the 6-
31g** basis set was employed.[?!l Frequency calculations were per-
formed to confirm the nature of the stationary points, yielding one
imaginary frequency for the transition states and none for the min-
ima. Each transition state was further confirmed by following its
vibrational mode downhill on both sides, and obtaining the minima
presented on the energy profiles. Solvent effects (CH;NO,) were
considered through single-point energy calculations with the opti-
mized geometries by using the Polarizable Continuum Model
(PCM) initially devised by Tomasi and co-workers®? as im-
plemented in Gaussian 03.12324 The molecular cavity was based on
the united atom topological model applied on UAHF radii, opti-
mized for the HF/6-31G(d) level.
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The hydridoirida-B-diketone [IrH{(PPh,(0o-CsH,CO)),H}Cl]
(1) reacts with diimines (NN) or with pyridine (py) in re-
fluxing methanol to undergo dehydrogenation. The reactions
afford selectively the cis-acyl, trans-phosphane isomers of
the cationic [Ir(PPh,(0-CsH4CO)),(NN)|* (NN = 2,2'-bipyr-
idine (2); R-N=C(CH3)-C(CH3)=N-R’' [R = R’ = NH, (3); R =
R’ = OH (4); R = OH, R’ = NH, (5)]} or neutral [IrCl(PPh,(o-
CeH4CO)),(py)] (6) derivatives. The reactions are faster for
ligands containing amino substituents. Refluxing 1 in MeOH
affords the formation of an equimolar mixture of dimer

cationic species [Iro(p-Cl) (u-PPhy(0-CsH4CO)), (PPhy(0-
CgH4CO)),]* (7a and 7b) containing two acyls and a chloride
as bridging groups. The isomers could be separated by frac-
tional precipitation. Compound [3]Cl, containing amino sub-
stituents in the imino functionalities, catalyses the hydrogen
transfer from 2-propanol to cyclohexanone to afford cyclo-
hexanol. All the complexes were fully characterised spectro-
scopically. Single crystal X-ray diffraction analysis was per-
formed on complexes 6 and [7b]ClOy,.

Introduction

Hydridoirida-B-diketones can be easily prepared by acti-
vation of aldehydes, tethered to N- or P-ligands, by hydri-
doacyliridium complexes.! Metalla-B-diketones, also de-
scribed as acylhydroxycarbene complexes, are rather stable
due to the formation of a strong intramolecular hydrogen
bond between the acyl and the hydroxycarbene moieties.
Recently it has been reported that this hydrogen bond is
stronger than that in acetylacetone, an organic B-di-
ketone.” The hydridoirida-p-diketone complex [IrH-
{(PPh,(0-C¢H4CO)),H}CI] (1) being an electronically satu-
rated species is remarkably stable. In solvents of low po-
larity, 1 is unreactive toward o-donors such as pyridine or
triphenylphosphane. It requires the abstraction of chloride
to afford cationic mononuclear [IrH{(PPh,(0-CsH4CO)),-
H}(D)J[CIO4] complexes, or the dinuclear species
[Ir,H(PPh,(0-CsH4CO)){pu-PPh,(0-CsH4CO)}5]BF,4,  con-
taining three acylphosphane bridging ligands and a single
terminal hydride, in a reversible process.l*! In methanol the
reaction of 1 with bases such as KOH or Et;N, at room
temperature, led to dehydrodechlorination and afforded the
acyl-bridged hydrido iridium derivative [Ir,H,(PPh,(o-
CcH4CO)),(u-PPhy(0-CsH4CO)),]. When the reaction was
performed in refluxing methanol, KOH led to a novel di-

[a] Facultad de Quimica de San Sebastian, Universidad del Pais
Vasco,
Apdo. 1072, 20080 San Sebastian, Spain

[b] Departamento de Quimica Inorganica, Laboratorio de
Difraccion de Rayos X, Facultad de Ciencias Quimicas,
Universidad Complutense,
28040 Madrid, Spain
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hydridoirida-B-diketone [IrH,{(PPh,(0-CsH4CO)),H}]
while Et;N gave [Ir(u-H){pu-PPh,(0-CsH4CO)},(PPh,(o-
CcH4CO)),]Cl, with two acylphosphane chelate-bridging li-
gands and a bridging hydride.™ In some of these reactions
dehydrogenation reactions also occurred. We report now on
the reactivity of 1 in methanol in the presence or absence
of N-donor ligands such as diimines: 2,2'-bipyridine (bipy),
R-N=C(CH;)-C(CH3)=N-R' [dihydrazone, R = R’ = NH,
(bdh); dioxime, R = R” = OH (dmg); oxime hydrazone, R
= OH, R’ = NH, (boh)] or pyridine (py). In all cases dehy-
drogenation occurs to afford mono- or dinuclear diacyl
complexes.

Results and Discussion

Complex 1 reacts with diimines in refluxing methanol,
to undergo dehydrogenation affording the cationic diacyl
derivatives [Ir(PPh,(0-C¢H4CO))>,(NN)]* (NN = bipy, 2;
bdh, 3; dmg, 4; boh, 5) shown in Scheme 1. The reactions
are slow and require reaction times in a 90 min-9 h range to
reach completion. The corresponding complexes have been
isolated as perchlorate compounds by addition of sodium
perchlorate (see Exp. Sect.). High stereochemical selectivity
is observed in these reactions that afford a single isomer.
The obtained complexes show the expected features in their
IR spectra, their FAB spectra show the parent peaks and
they behave as 1:1 electrolytes in acetone solution.l®! For
complexes containing symmetric diimines, 2-4, the diimine
ligand shows one set of resonances due to equivalent imino
fragments, their 3'P{!H} NMR spectra contain only one
singlet in the 27-33 ppm range, indicating equivalent P-
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atoms and the '3C{'H} NMR spectra show also only one
singlet in the 216-224 ppm range, corresponding to equiva-
lent acyl groups. According to these data two isomers are
possible for these complexes, the cis-acyl, trans-phosphane
species or the frans-acyl, cis-phosphane compound. Taking
into account electronic considerations, the most stable iso-
mer would be the cis-acyl, trans-phosphane isomer, with the
acyl groups frans to the imino groups, since acyls, having
the largest trans influence and being the best c-donors,
would prefer to be trans to the imino group with the lowest
trans influence, being the weakest o-donor, when compared
to phosphanes.l! This is confirmed by the reaction of 1 with
boh, containing nonsymmetrical imino groups, which
shows that the stereochemistry of 5 corresponds to that
shown in Scheme 1. The oxime hydrazone ligand shows two
sets of resonances due to nonequivalent imino fragments,
the 3'P{'H} NMR spectrum shows two doublets (AB
pattern) at 0 = 37.3 and 26.7 ppm corresponding to two
nonequivalent phosphanes mutually trans [J(P,P) = 323 Hz]
and the BC{'H} NMR spectrum contains two acyl reso-
nances at 6 = 233.9 and 214.6 ppm.

thT Ph, = thP
P
OO —
o. .. th 5
|

e

1 Cl

Ph,P \ Ph,P

C|>!r o HsC >| o
N 0 HsC | 0
_/ Ph,P /thP

R
6 3-5

Scheme 1. NN = bipy, 2; bdh (R = R’
OH) 4; boh, (R = NH,, R’ = OH), 5.

= NH,), 3; dmg (R =R’ =

Complex 1 contains a hydride, which may behave as a
proton acceptor, and an alcoholic O---H--O proton. In
CDCIl3/CDs0D solution H/D exchange of this proton is
observed. We believe that the dehydrogenation reaction
most likely occurs by interaction of H- and H*. Because of
the low rate of our reactions we were unable to observe any
hydrogen evolution by NMR during the dehydrogenation
reaction. Nevertheless, the interaction between late transi-
tion-metal hydrides and alcoholic or hydroxycarbene pro-
tons that may result in hydrogen formation is documen-
ted.l’”! Furthermore, we observe some relation between the
reaction rate and the type of ligand. The slowest reaction
occurs for the dioxime ligand containing OH groups (ca.
9 h), the reaction with a good “proton acceptor” ligand
such as bipyridine is faster (ca. 150 min) and the reaction
with ligands containing amino groups, bdh or boh, are the
fastest (ca. 90 min). Recent studies on a reversible reaction
involving dehydrogenation of [Ru(H),(PMes){HN(CH,-
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CH,PiPr,),}] and hydrogenation of [RuH(PMe;s){N-
(CH,CH,PiPr,),}], via heterolytic splitting of hydrogen,
suggest that the barrier for the hydrogen splitting may be
lowered by hydrogen bond formation with added water.!®!
In the present case the different dehydrogenation rates may
be related to initial hydrogen bond formation between the
hydroxycarbene proton and the free N-donor ligand which
may lead to the proton being closer to the hydride thus
allowing for easier formation of hydrogen when better pro-
ton acceptor ligands are available. X-ray diffraction studies
on hydridoirida-B-diketones have shown that the iridacycle
comprising the acyl(hydroxycarbene) group is essentially
planar.3al In these reactions complete dehydrogenation oc-
curs while previously we have observed that the reaction
of 1 with Et;N in refluxing methanol led only to partial
dehydrogenation.[*! We believe that this different behaviour
may be related to the better coordinating ability of diimines,
when compared to Et;N, which may favour the removal of
the hydride in the present case.

The reaction of [IrHCI{(PPh,(0-CsH4CO)),H}] (1) with
pyridine in refluxing methanol also leads to dehydrogena-
tion to afford the neutral diacyl [IrCI(PPh,(0-CsH4CO)),-
(py)] (6). Its IR spectrum contains the band due to coordi-
nated acyl groups at 1624 cm™! and the FAB spectrum
shows the peak due to pyridine loss. The 3'P{'H} NMR
spectrum contains an AB spin pattern due to trans phos-
phorus atoms [J(P,P) = 347 Hz] and the *C{'H} NMR
spectrum contains two resonances in the 210 ppm region,
attributed to two acyl groups bonded to iridium. These
spectral features indicate trans P-atoms and cis-acyl groups
trans to chloride and to pyridine, which are the groups with
lower trans influence, as shown in Scheme 1.

Complex 6 could be characterised by single-crystal X-
ray diffraction, which confirms the spectroscopic findings.
Complex 6 crystallises in the P2,/c monoclinic group. Fig-
ure 1 shows an ORTEP view of complex 6. Selected bond
lengths and angles are listed in Table 1. The coordinative
environment of the rhodium atom is distorted octahedral,
with four positions occupied by the phosphorus and carbon
atoms of the two bidentate ligands, and the other two posi-
tions are occupied by the nitrogen atom of the pyridine and
by chloride. As also proposed for complexes 2-5, the phos-
phorus atoms are mutually zrans, and the acyl groups are
mutually cis. A similar feature has also been observed in a
related rhodium complex.’¥l The bond lengths in 6 are in
the expected ranges.”? The Ir—P distances are similar and
the Ir-N1 [2.229(4) A] and Ir—Cl [2.515(1) A] distances are
rather long, because of the high frans influence of the acyl
groups.

Attempts to obtain a diacyl complex similar to 6 using
more sterically demanding ligands such as 2-methylpyridine
proved unsuccessful. Instead, the formation of an equi-
molar mixture of dimer cationic species [Iry(pn-Cl)(p-
PPh,(0-CsH4CO))»(PPh,(0-CsH4CO)),]Y (7a and 7b) oc-
curred (see Scheme 2). Refluxing 1 in MeOH affords also
the formation of 7. The two isomers could be separated
by addition of NaClO,. The precipitation of [7a]ClO, was
quantitative and from the remaining solution [7b]CIO,4
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Figure 1. ORTEP view of compound 6 showing the atomic num-
bering (20% probability ellipsoids). The hydrogen atoms and some
carbon atoms have been omitted for clarity.

Table 1. Selected bond lengths [A] and angles [°] for 6 and [7b]
ClO;,.

6 [b]CIO,
Ir Pl 2342(1) Irl-Pl 23733) I2-P3 23823)
P2 2321(1)  kl-P2 22702) Ir2-P4 2258(3)
I-C20 20206) Irl-C20 202(1)  Ir2-C58 2.04(1)
Ir-Cl 2029(5) Irl-Cl 200(1)  [2-C39 201(1)
N1 2229¢4)  Irl-Cll 2418¢4) Ir2-Cll 2.496(4)
Ir-Cl 2515(1)  Irl-O4 2267(7) 2-02 2.126(7)
C20-02  121066) C20-02 127(1)  C58-04 1.24(1)
Cl-0l 12146) Cl-Ol 1231) C39-03 12(1)
Irl Ir2 3.564(1)
PLI-P2 175015 PLIrlP2  99.1(1) P3I2P4  1014(1)
PIIrC20 964(Q) PLIrl-C20 177.03) P3-Ir2-C58  1753(3)
PIIrCl  89.1(5 PLII-Cll 888(1) P3I202  85502)
PIIrCl  8432) PLII-Cl 8383) P3I2Cll  99.4(1)
PII-NI  9L0(1) PLI1-O4 9592) P3I2C39  83.603)
P2IrC20 824(2) P2Irl-C20 8202) P4I2CS8  8L73)
P2IrCl 919(1) P2Irl-Cll  1686(1) P4L202  169.502)
P2IrCl 9082 P2IrlCl 8493) P4I2Cll  101.X1)
P2I- NI 939(1) P2Irl-O4 1040Q2) P4Ir2C39  89.903)
C20-Ir-Cl  1733Q2) C20-Ir1-Cll 89.7(3) C58-Ir2-02  90.9(3)
C20-IrCl 8612) C20Ir1-Cl 93.6@) C58I2Cll 84403
C20-Ir N1 94602) C20Ir1-O4 864(3) C581r2-C39 92.9(4)
Cl-IrCl  9062) CLIrl-Cll 8783) O2I2Cll  853()
NI-IeCl  89.0(1) CLIrl-04 171.03) O02-12-C39  82903)
Cl-IeNI  1753Q2) ClI-IF1-04 8322) CII-Ir2-C39  167.6(3)
Irl-Cll-I2 93.00)
Ir1-C1-O1  1223(8) [2-C39-03  1234(8)
Ir1-C20-02  124.0(7) I2-C58-04  1254(8)
Ir1-04-C58  119.5(7) 2-02-C20  123.0 (6)

could be obtained. Both compounds behave as 1:1 electro-
lytes in acetone solution and the FAB spectra show the
[M]* peak at 1577 as expected for such dinuclear species.
Their IR spectra show stretches at 1633 cm ™' due to the
terminal acyl groups and a strong stretch at 1515 cm™! that
can be assigned to bridging acyl groups.
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e BC{'H} NMR spectrum of 7a contains two dou-
blets due to acyl groups. In both resonances the coupling
to one of the phosphorus atoms is observed while the cou-
pling to the other phosphorus is unobservable. The reso-
nance at lower field is due to acyl groups with carbon atoms
trans to phosphorus atoms [J(P,C) = 99 Hz]. The chemical
shift, 264.9 ppm, is in the upper end of the range 274—
240 ppm, reported for bridging acyl groups between iridium
atoms in dinuclear complexes,?>*1% and is similar to that
of the related rhodium [Rh,(u-Cl)(u-PPh,(0-CsH4CO)),-
(PPhy(0-C¢H4CO)),]* complex.[®! The resonance at higher
field, 197.6 ppm, is attributed to terminal acyl groups and
appears at higher field than that of the related rhodium
derivative, 219.0 ppm. The 3'P{'"H} NMR spectrum con-
tains two doublets consistent with an AX pattern. For this
isomer we propose the structure depicted in Scheme 2, with
two equivalent iridium fragments, and with phosphorus
atoms trans to acyl and to chlorine. It contains the weakest
o-donor oxygen atoms trans to the strongest g-donor acyl
groups, which represents the most electronically favourable
geometry. Nevertheless, a disposition with phosphorus
atoms being frans to acyl and to oxygen cannot be ex-
cluded. For 7b, the spectra are due to the presence of four
nonequivalent acyl-phosphane fragments, two per iridium
atom. In the '*C{'H} NMR spectrum two close doublets
due to terminal acyl groups [ca. 198.9 ppm, J(P,C) = 8 Hz]
and two close doublets due to bridging acyl groups [ca.
264 ppm, J(P,C) = 102 Hz] are observed. The 3'P{'H}
NMR spectrum consists of four doublets. The J(P,P) cou-
pling constants agree with both phosphorus atoms bonded
to the same iridium atom being mutually cis.

It is noteworthy that by refluxing 1 in MeOH in the pres-
ence of NEts, partial dehydrochlorination and partial dehy-
drogenation occurred, thus yielding the dinuclear [Ir,(u-
H)(u-PPhy(0-CsH4CO)),(PPh,(0-CsH4CO)),]CL, with a hy-
dride and two acyl groups bridging the two iridium atoms.
An isomer, [Ir,H(PPh,(0-CsH4CO)){p-PPh,(0-CsH4CO)} 5]
BF,, containing three acylphosphane bridging ligands and
a single terminal hydride, could be obtained by complete
halide abstraction and partial dehydrogenation of 1 pro-
moted by halide abstractors.[?! In the present case, complete
3169
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Figure 2. ORTEP view of the cation in compound [7b]ClO,4 showing the atomic numbering (20% probability ellipsoids). The hydrogen

atoms and some carbon atoms have been omitted for clarity.

dehydrogenation leads the chloride to occupy a bridging
position in 7. The formation of these triply bridged iridium
dimers appears easy. In all cases two of the bridging groups
between the two iridium atoms are acyls and the nature of
the third bridge appears to depend markedly on the reac-
tion conditions.

We succeeded in isolating compound [7b]ClO, as single
crystals suitable for X-ray diffraction. This compound crys-
tallises in the P2;/n monoclinic group. The asymmetric unit
consists of a dinuclear cation and a ClO,  anion. Figure 2
shows an ORTEP view of the cation. Selected bond lengths
and angles are listed in Table 1. Two acyl groups in a head-
to-tail arrangement and a chloride bridge the Ir atoms. The
geometry around each Ir atom is pseudo-octahedral with
the chloro ligand trans to a phosphorus atom through the
Irl atom and trans to the carbon atom of a terminal acyl
group through the Ir2 atom. The bridging Ir2-Cl1 distance
[2.496(4) A] is longer than the Ir1-Cl1 distance [2.418(4) A]
reflecting the higher frans influence of the acyl group.'!]
The bridging Ir2-Cl1 distance is slightly shorter than that
observed in the mononuclear complex 6 [2.515(1) A], and is
similar to that reported for complexes containing a bridging
chloride rans to vinyl [2.495(6) and 2.464(6) A" The Ir1—
Ir2 distance [3.564(1) A] and the Irl-Cl1-Ir2 angle
[93.0(2)°] exclude any Ir-Ir interaction. As in other dinu-
clear species,!'? the Irl-Ir2 distance in 7b is longer than
that in the related [Ir,(u-H)(u-PPh,(0-CsH4CO)),(PPh,(0-
CgH,CO)),]" [2.9629(4) A] containing hydride instead of
chloride as the bridge. The Ir-C and the C-O distances of
the bridging and terminal acyl groups are practically equal.
The average Ir-C and C-O bond lengths, 2.02(1) A and
1.24(1) A respectively are as expected for coordinated acyl
groups with low carbene-like character.'”! The Ir-P dis-
tances also reflect the decreasing frans influence in the
series: acyl [Ir1-P1 2.373(3) and Ir2-P3 2.382(4) A] >>
chlorine [Ir1-P2 2.270(2) A] > oxygen [Ir2-P4 2.258(3) Al.
3170
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It is well known that metal hydrides may catalyse the
transfer hydrogenation of ketones.!'3! Chelated Ir™ bis-car-
bene complexes, proposed to involve a monohydride active
species, or hemilabile pincer-type hydride Ir'"' derivatives
have been reported to promote the transfer hydrogenation
of cyclohexanone, reaching TOF values higher than
1000 mol/h." We have recently shown that in methanol
and in the presence of strong bases iridium acyls may afford
iridium acylhydrides,™ and that the presence of P- and N-
donor ligands, instead of only P-donor ligands, make the
corresponding iridium hydrides more useful for transfer hy-
drogenation reactions of ketones.'! We have tested the
catalytic activity of complexes 27 in the transfer hydrogen-
ation of cyclohexanone in /PrOH, in the presence of a
strong base. From the transfer hydrogenation data it is ap-
parent that compound [3]Cl, containing amino substituents
in both the imino functionalities shows the highest activity
reaching 88% conversion to cyclohexanol after 180 min
(TOFU3! of 134 after 10 min). The dimer compound [7]Cl
reaches 59% conversion after 180 min (TOF!3! of 85 after
10 min) and the pyridine complex 6 shows lower activity,
reaching 44% conversion after 180 min. For compounds
[2]Cl, [4]Cl1 and [S]Cl less than 10% conversion was attained
after 180 min. The corresponding perchlorate compounds
show a lower activity than the chloride compounds, proba-
bly due to their low solubility. Compound [3]Cl shows a
comparable catalytic activity to that of Cp*Ir''' complexes
containing functionalised carbenes.[!®]

Conclusions

The hydridoirida-B-diketone [IrH{(PPh,(0-CsH4CO)),-
H}ClI] (1) undergoes dehydrogenation in protic solvents to
afford dimer complexes with bridging acyl and chloride
groups. The presence of N-donors makes the dehydrogena-
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tion reaction faster, suggesting hydrogen bond formation
favouring the dehydrogenation reaction, affording selec-
tively cationic or neutral diacyl complexes of the cis-acyl,
trans-phosphane type. The dihydrazone-containing complex
can be used as a pre-catalyst for transfer hydrogenation of
ketones.

Experimental Section

General Procedures: The preparation of the metal complexes was
carried out at room temperature under nitrogen using standard
Schlenk techniques. [IrHCI{(PPh,(0-C4H4CO)),H}] (1) was pre-
pared as previously reported.l'8l Microanalyses were carried out
with a Leco CHNS-932 microanalyser. Conductivities were mea-
sured in acetone solution with a Metrohm 712 conductimeter. IR
spectra were recorded with a Nicolet FTIR 510 spectrophotometer
in the range 4000400 cm~' using KBr pellets. NMR spectra were
recorded with Bruker Avance DPX 300 or Bruker Avance 500 spec-
trometers, 'H and '*C{'H} (TMS internal standard), 3'P{'H}
(H3PO, external standard), were measured from CDCI; solutions.
Mass spectra were recorded with a VG Autospec, by liquid second-
ary ion (LSI) MS using nitrobenzyl alcohol as matrix and a caes-
ium gun (Universidad de Zaragoza).

[Ir(PPhy(0-CsH4CO)),(bipy)|ClO,4 (2): To a methanol suspension of
[IrH{(PPh;(0-CsH4CO)),H}Cl] (1) (50 mg, 0.062 mmol) was added
2,2'-bipyridine (bipy) (9.7 mg, 0.062 mmol). The suspension was
refluxed for 150 min whereupon a yellow solution was formed. The
solution was cooled and a methanol solution of NaClO4H,O
(8.7 mg, 0.062 mmol) was added to afford a yellow solid that was
decanted, washed with methanol and dried under vacuum. Yield
50.3mg, 79%. IR (KBr): v = 1627 (s) (C=0) cm'. Ay
(ohm™'cm?mol"): 128 (acetone). 3'P{'H} NMR (CDCly): 6 = 27.2
(s) ppm. C{'H} NMR (CDCls): 6 = 216.0 (s) ppm. CygH3cClIr-
N,O4P; (1026.14): caled. C 56.17, H 3.53, N 2.73; found C 55.79,
H 3.16, N 2.71.

[Ir(PPh,(0-CsH4CO)),(bdh)|ClO4 (3): To a methanol suspension of
[IrH {(PPh,(0-CsH4CO)),H}Cl1] (1) (50 mg, 0.062 mmol) was added
biacetyldihydrazone (bdh) (7.1 mg, 0.062 mmol). The suspension
was refluxed for 90 min whereupon a yellow solution was formed.
The solution was cooled and a methanol solution of NaClO4-H,O
(8.7 mg, 0.062 mmol) was added to afford a yellow solid that was
decanted, washed with methanol and dried under vacuum. Yield
452 mg, 74%. IR (KBr): ¥ = 3398 (m) (OH), 3299 (m), 3201 (m)
(NH,), 1597 (s) (C=0) cm™!. Ay (ohm'cm?>mol"): 134 (acetone).
'"H NMR (CDCl5): 6 = 5.68 (s, 4 H, NH); 1.57 (s, 3 H, CH3) ppm.
3SIP{'H} NMR (CDCls): § = 31.4 (s) ppm. *C{'H} NMR (CDCls):
0 = 218.3 (s, IrCO); 15.1 (s, CH;3) ppm. FAB-MS: calcd. for
C4H3gIrN,O,P5, 885; obsd. 885 [M*]. C4H35ClIrN,O4P,-CH;OH
(1016,18): calcd. C 50.81, H 4.17, N 5.51; found C 50.62, H 4.18,
N 5.78.

[Ir(PPhy(0-CsH4CO)),(dmg)|Cl1O04 (4): To a methanol suspension
of [IrH{(PPh,(0-CcH,CO)),H}CI] (1) (50 mg, 0.062 mmol) was
added dimethylglyoxime (dmg) (8.7 mg, 0.062 mmol). The suspen-
sion was refluxed for 9 h whereupon a yellow solution was formed.
The solution was cooled and a methanol solution of NaClO4H,O
(7.6 mg, 0.062 mmol) was added to afford a yellow solid that was
decanted, washed with methanol and dried under vacuum. Yield
29.4 mg, 48%. IR (KBr): ¥ = 3611 (m) (OH), 1624 (s) (C=0) cm™ .
Ay (ohm'em?mol™'): 140 (acetone). '"H NMR (CDCl5): 6 = 1.73
(s, 3 H, CH3) ppm. 3'P{'H} NMR (CDCls): 6 = 32.8 (s) ppm.
BC{'H} NMR (CDCls): 6 = 224.6 (s, IrCO); 14.7 (s, CH3) ppm.
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C4oHClIrN,OgP,-CH;OH (1018.16): caled. C 50.71, H 3.96, N
2.75; found C 50.57, H 4.10, N 2.94.

[Ir(PPhy(0-C¢H4CO)),(boh)]ClO4 (5): To a methanol suspension of
[IrH{(PPh,(0-CcH,CO)),H}Cl] (1) (50 mg, 0.062 mmol) was added
biacetyloxime hydrazone (boh) (8.7 mg, 0.062 mmol). The suspen-
sion was refluxed for 90 min whereupon a yellow solution was
formed. The solution was cooled and a methanol solution of
NaClO4H,O (7.6 mg, 0.062 mmol) was added to afford a yellow
solid that was decanted, washed with methanol and dried under
vacuum. Yield 37.3 mg, 61%. IR (KBr): ¥ = 3341 (w) (OH), 3395
(w), 3201 (w) (NH), 1607 (s) (C=0) cm™'. Ay (ochm ' cm?mol):
94 (acetone). 'H NMR (CDCls): 6 = 10.6 (s, 1 H, OH); 6.17 (s, 2
H, NH); 1.72 (s, 3 H, CHs); 1.56 (s, 3 H, CH3) ppm. 3'P{'"H} NMR
(CDCl5): 6 = 37.3 (d) and 26.7 (d) [J(P,P) = 273 Hz] ppm. 3C{'H}
NMR (CDCly): 6 = 233.9 [d, J(P,CO) = 4 Hz, 1IrCO]J; 214.6 [d,
J(P,CO) = 4Hz IrCOJ]; 13.6 (s, CHy); 13.2 (s, CH;)ppm.
C4,H;3,CIlIrN;0,P,-CH;0H (1017,17): caled. C 50.76, H 4.06, N
4.13; found C 50.40, H 4.01, N 4.02.

[IrCI(PPh,(0-CcH4CO)),(py)] (6): To a methanol suspension of
[IrH{(PPh,(0-CsH,CO)),H}Cl] (1) (50 mg, 0.062 mmol) was added
pyridine (py) (5 pL, 0.062 mmol). The suspension was refluxed for
3 h whereupon a yellow solution was formed. The solution was
cooled and evaporation of the methanol solution under vacuum
afforded a yellow solid that was decanted, washed with methanol
and dried under vacuum. Yield 31.8 mg, 58 %. IR (KBr): ¥ = 1624
(s) (C=0) em™!. 3'P{'H} NMR (CDCl5): § = 33.5 (d) and 29.0 (d)
[/(PP) = 347 Hz] ppm. 3C{'H} NMR (CDCl;): § = 211.4 [d,
J(P,C) = 2 Hz, IrCOJ; 209.8 [d, J(P,C) = 4 Hz, IrCO] ppm. FAB-
MS: caled. for C43H3;CIIrNO,P,, 885; obsd. 806 [M — py*].
C43H3;ClIrNO,P,*CH30H (917.16): caled. C 57.61, H 4.07, N
1.53; found C 57.30, H 3.95, N 1.84.

Reaction of 1 with 2-Methylpyiridine. Formation of [Iry(pn-Cl)(p-
PPh,(0-CcH4CO)),(PPh,y(0-CcH4CO)),]C1 [7]Cl: To a methanol
suspension  of  [IrH{(PPh,(0-C¢H4CO)),H}CI] (1) (30 mg,
0.037 mmol) was added 2-methylpyridine (3.7 pL, 0.037 mmol).
The suspension was refluxed for 90 min whereupon a yellow solu-
tion was formed. The solution was cooled and evaporation of the
methanol solution under vacuum afforded an equimolar mixture
of [7a]Cl and [7b]Cl that was identified by NMR spectroscopy.

[Ir;(p-Cl)(p-PPhy(0-CsH4CO)),(PPh,(0-CsH,4CO)),|Cl10,4 [72]ClO,4
and [7b]ClO4: A methanol suspension of [IrH {(PPh,(0-CsH,CO)),-
H}CI] (1) (50 mg, 0.062 mmol) was refluxed for 10 h whereupon a
yellow solution was formed. The solution was cooled and a meth-
anol solution of NaClO4H,0 (1.8 mg, 0.031 mmol) was added to
afford a yellow solid, [7a]ClO,, which was decanted, washed with
methanol and dried under vacuum. Yield 24.9 mg, 48%. To the
remaining solution a methanol solution of NaClO4H,O (1.8 mg,
0.031 mmol) was added to afford a yellow solid, [7b]C1O,4, which
was decanted, washed with methanol and dried under vacuum.
Yield 15.6 mg, 30%. Data for [7a]ClO,4. IR (KBr): v = 1638 (s)
(C=0),, 1516 (s) (C=0), cm'. Ay (ohm 'cm?mol'): 137 (ace-
tone). 3'P{'H} NMR (CDCl,): 6 = 21.9 [d, J(P,P) = 3 Hz, P,]; 9.9
(d, Py) ppm. *C{'H} NMR (CDCl5): 6 = 264.9 [d, J(P,C) = 99 Hz,
IrC,0]; 197.6 [d, J(P,C) = 6 Hz, IrC, O] ppm. FAB-MS: calcd. for
C;6Hs6ClIr,O4P,, 1577, obsd. 1577 [M*]. C;6Hs6ClyIr,OgPy:
2CH;0H (1740.22): caled. C 53.82, H 3.71; found C 53.49, H 3.55.
Data for [7b]ClO,. IR (KBr): v = 1633 (s) (C=0),, 1515 (s) (C=0)
b, cm . Ay (ohm'cm?mol!): 95 (acetone). 3'P{'H} NMR
(CDCl3): 6 = 20.2 (d) and 17.4 (d) [J(P,P) = 9 Hz]; 17.8 (d) and
13.4 (d) [J(P,P) = 6 Hz] ppm. 3C{'H} NMR (CDCl;): § = 263.8
[d, J(P,C) = 102 Hz]; 263.1 [d, J(P,C) = 102 Hz]; 198.9 [d, J(P,C) =
8 Hz] and 195.7 (m) for IrCO ppm. FAB-MS: calcd. for C;6Hs5Cl-
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I1,04P,, 1577; obsd. 1577 [M*]. Cr6HseCloIr,05P, (1676.16): caled.
C 54.45, H 3.37; found C 54.46, H 3.71.

Catalytic Reactions: The transfer hydrogenation reactions were car-
ried out under nitrogen in refluxing 2-propanol with magnetic stir-
ring. The equipment consisted of a 100-mL round-bottomed flask,
fitted with a condenser and provided with a septum cap. The cata-
lysts, as chloride compounds, were prepared “in situ” by refluxing
equimolar amounts (0.02 mmol) of 1 and the corresponding ligand
in MeOH to obtain solutions. After cooling, the methanol was
eliminated under vacuum. The solid residue was dissolved in 30 mL
of 2-propanol and 0.2 mmol of potassium hydroxide in 10 mL of
2-propanol were added. The resulting solutions were heated to
83 °C and 4 mmol of the substrate was injected. The analysis of
the catalytic reactions was carried out with a Shimadzu GC-14A
chromatograph, connected to a Shimadzu C-R6A calculation inte-
grator.

X-ray Structure Determination of 6 and [7b]ClO,4: Prismatic yellow
crystals of [C43H33Cl N O,P,Ir] and [C7¢Hs¢CliO4P,11,]C10, suit-
able for X-ray experiments were obtained by slow diffusion of di-
ethyl ether into chloroform solutions of 6 or [7b]ClO,. A summary
of the fundamental crystal and refinement data are given in
Table 2. The crystals were resin epoxy coated and mounted on a
Bruker Smart CCD diffractometer, with graphite-monochromated
Mo-K, (4 = 0.71073) radiation, operating at 50 kV and 20 mA.
Data were collected over a hemisphere of the reciprocal space by
combination of three exposure sets. Each frame exposure time was
of 20s, covering 0.3° in w. The cell parameters were determined and

Table 2. Crystal data and structure refinement for compounds 6
and [7b]ClO,.

Crystal data 6 [7b]CIO,

Empirical formula [C43H33CLIrN;O,P5] [C76H56CliIr,04P4]CIO,
Formula weight 885.29 1676.39

Crystal system monoclinic monoclinic

Space group P2y/c P2y/n

alA] 12.0866(5) 20471(1)

bIA] 17.2053(7) 11.864(1)

c[A] 17.7139(7) 28.438(2)

[] 99.837(1) 99.352(1)

Volume [A%] 3629.5(3) 6814.5(8)

Z 4 4

D(caled.) [gem ) 1.620 1.634

Absorption coefficient

[mm™] 3.879 4.130

Scan technique o and ¢ o and ¢

F000) 1752 3296

Range for data col-

lection [] 1.66 to 25.00 1.14 to 25.00

Index ranges —14, -20, -20 to 13,19,20 -21, 14, -33 to 24,14,22
Reflections col-

lected 25701 34851

Independent reflections 6091 [R(int) = 0.0450] 12015 [R(int) = 0.065]
Completeness to theta ~ 95.2% 100.0%

Data / restraints /

parameters 6091 /0/451 1201570/ 805
Goodness-of-fit on > 1.063 1.082

R (refl. obsd.)

[ > 20(1)) 0.0303 (4490) 0.0516 (7132)
RwPall data) 0.0698 0.1463

Largest diff. peak and

hole 0922 and -0.649 A3 1.329 and -1.181 A

[a] ZlFo| — [FVEIF|. [b] {ZDw(Fo? — FPVEw(F?)TH.
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refined by a least-squares fit of all reflections collected. The first
100 frames were recollected at the end of the data collection to
monitor crystal decay, and no appreciable decay was observed. In
both cases a semi-empirical absorption correction was applied. The
structures were solved by direct methods and conventional Fourier
techniques and refined by applying full-matrix least-squares on 2
with anisotropic thermal parameters for the non-hydrogen atoms,
with the exception of the oxygen atoms of the perchlorate anions
of 7b, which were refined isotropically. The hydrogen atoms were
included at their calculated positions determined by molecular ge-
ometry and refined riding on the corresponding bonded atom. All
the calculations were carried out with SHELX-97.117]

CCDC-767995 (for 6) and -767996 (for 7b) 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.ccde.cam.ac.uk/datarequest/cif.
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Low-Temperature Synthesis of Meshy Boron Nitride with a
Large Surface Area

Xiang-Lin Meng,! Ning Lun,'®! Yong-Qiu Qi,”! Jian-Qiang Bi,*! Yong-Xin Qi,?!
Hui-Ling Zhu,'®! Fu-Dong Han,'#! Yu-Jun Bai,*?l Long-Wei Yin,*!*! and Run-Hua Fan!?!
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Meshy boron nitride (BN) was synthesized by the reaction
of NaBH, and CS(NH,), at 550 °C for 10 h. X-ray diffraction
indicates the formation of hexagonal boron nitride (h-BN)
with lattice constants a = 2.501 and ¢ = 6.724 A. Observations
by TEM show that the BN obtained has a meshy structure
with a quantity of pores distributing on each mesh. The nitro-
gen adsorption—-desorption test gives a high surface area of

220 m2g~! for the meshy BN. The cathode-luminescence
spectrum exhibits a strong peak at 354 nm in the ultraviolet
range. Thermogravimetric analysis proves that the meshy BN
has good thermal stability and oxidation resistance up to
800 °C. The formation of meshy BN is due to the promotion
of sulfur-containing compounds for the cross-linking of bor-
azine and subsequent pyrolysis.

Introduction

Hexagonal boron nitride (h-BN) attracts more and more
attention because of its excellent solid lubricative properties,
high thermal conductivity, high thermal stability, chemical
inertness, good electrical insulation properties, and low den-
sity (2.27 gem3).[1:21 It is interesting to note that BN may
exhibit various morphologies, such as one-dimensional
nanostructures,*-! hollow spheres,® nanocapsules,!”! nano-
cages,®l porous structures,®’ micromesh,!'’ and nanomesh
structures.[!:121 Porous BN has recently attracted a lot of
attention due to its unique properties and potential applica-
tions. For example, porous or micromesh BN with a large
specific surface area can be used as a catalyst support under
harsh operating conditions.[!3]

Meshy BN is a kind of two-dimensional film with porous
structure and large surface area, yet it has been rarely re-
ported. Wang et al. prepared h-BN micromeshes by using
B,0;, Mg, and NaNj as starting materials.'®! These micro-
meshes might have various potential applications, such as
supports for catalysts, chemical filtration, and separations
under severe operating conditions. A highly regular nano-
mesh of h-BN was formed by self-assembly through ther-
mal decomposition of borazine (HBNH); at about 800 °C
on a transition-metal surface, such as Rh(111)!1 or
Ru(0001).1"?! The insulating BN nanomesh can be exposed
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to airl'” or liquid!'3! without losing its unique properties.
The nanomesh may serve as a template for the deposition
of electrochemically active molecules!'® and metal clus-
ters,'72% or as