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Abstract

An improved, one-step synthesis of [Ru''(1,5-COD)(CH,CN),J** as the BF; salt has been accomplished in 51% yield, an
approximately 75% higher yield than the three-step literature synthesis of the corresponding PF; salt. The improved synthesis
consists of (i) grinding the insoluble [RuCl,(1,5-COD)], precursor to increase the reaction rate and yield, (ii) treating the resultant
[RuCl,(1,5-COD)], with 2Ag*BF; in refluxing acetonitrile with excess 1,5-COD present to inhibit 1,5-COD loss in the product
and, most importantly, (iii) following the reaction directly by "H-NMR spectrometry which revealed that the substitution reaction
of the Ru(Il), d° precursor is, as expected, quite slow and requires ca. 120 h. The [Ru(1,5-COD)(CH;CN),][BF,], product was
characterized by 'H, '3C, and '"F-NMR, elemental analysis, and single-crystal X-ray crystallography. Problems in commercial Ru
and F analyses are also addressed since this issue has been inadequately treated in the existing literature. © 2000 Elsevier Science
S.A. All rights reserved.

Keywords: Acetonitrile solvate of ruthenium; Surface area effects on heterogeneous reaction rates; Improved reaction yields via direct monitoring;
X-ray crystal structure; trans Influence of olefin and nitrile ligands; Interferences in commercial F and Ru analyses

1. Introduction Hoping to extend our studies of polyoxoanion-stabi-
lized nanoclusters to include ruthenium, and with an

Acetonitrile solvate complexes are widely useful for eye towards ruthenium-based arene hydrogenation, we
the synthesis of organometallic compounds because of searched the literature for an appropriate acetonitrile

facile substitution at the solvate coordination sites [1,2]. solvate complex of ruthenium from which to synthesize
Similarly, 1,5-cyclooctadiene (1,5-COD) complexes the currently unknown compound [(1,5-COD)(CH,-
have found considerable use in organometallic chem- CN)Ru"-P,W,;Nb,O,,]” . This led us to the literature

istry as well [3—5]. Accordingly, we have used the mixed thesi £ [Ru'(1.5-COD)YCH.CN),IPE 11
acetonitrile solvate 1,5-COD complexes [M!(1,5- SS};Illlenelilsl of [Ru™(, NCH,CNPEeL - [1],

gg}lz)}focﬁfgﬁs)é]gif;‘ge d(NcIoTnIp;c’)uIIfc{ls) (;3Ou ﬁr)eg?;e[(lﬂﬁ This literature synthesis requires three steps, begin-

COD)MIP,W,.Nb,0,,] [6.7]. These polyo‘;;oasn i0r31 su’p ning from the commercially available starting material
2 WisiND3Wea] 19, 7] - - p ; .

ported, labile-ligand compounds have then been used to [RuC12(1_’51'COfD)]X’ dond p rocl‘feds ﬁ'lth lan overall re-

prepare polyoxoanion-stabilized Ir(0) and Rh(0) nan- ported yield of 27-32% [11]. A small-scale (ca. 400 mg)

preparation of the perchlorate salt, [Ru(l,5-COD)-

oclusters [8,9], materials which show record catalytic i
lifetimes in solution from among known nanoclusters (CH;CN),][ClO,],, has also been described [12], but no

[10]. yield was reported and, of course, the CIO; salt is

generally less desirable. Hence, it became important to

* Corresponding author. Fax: + 1-970-4911801. have a higher yield, preferably one-step synthesis of
E-mail address: rfinke@lamar.colostate.edu (R.G. Finke). [Rull(l,S-COD)(CH3CN)4]2* .

0022-328X/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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[RuCly(1,5-COD)],

5 h reflux in CH3CN / 1,5-COD

Step 1 38 - 44% yield (0.7 - 0.8 g)

[RUCI,(1,5-COD)(CHaCN)g]

2 equivs. NH4PFg
Step 2 15 min refiux in CH3CN
80% yield (0.8 g)

[RuCl(1,5-COD)(CH3CN)3][PFg] + NH4CI

1 equiv. AgPFg
Step 3 2 h at room temp. in CH3CN
90% vyield (1.36 g)

[Ru(1,5-COD)(CH3CN)J[PFsl, + AgCl Ld

Scheme 1. The three-step, literature synthesis of [Ru(1,5-COD)-
(CH;CN),[PF¢), [11]. The reported, overall yield using this proce-
dure is 27-32% [11].

Herein we describe a straightforward, one-step proce-
dure for preparing [Ru(1,5-COD)(CH;CN),][BF,], (1).
Our synthesis provides a 51% yield, compared to an
overall ca. 30% yield for the three-step literature syn-
thesis of the PFg salt. The resultant [Ru(1,5-COD)-
(CH,;CN),][BF,], has been fully characterized, including
by single-crystal X-ray crystallography. In addition, we
report the results of F and Ru elemental analyses,
experiments performed as controls to test the problems
cited in the literature with elemental analyses of these
elements.

2. Experimental
2.1. General procedures

All manipulations were performed in air. Elemental
analyses were obtained from Galbraith Laboratories,
Inc. (Knoxville, TN). Rotary evaporation was accom-
plished with the aid of a Biichi RE 121 rotary evapora-
tor connected to a Biichi V-500 membrane pump.
Nuclear magnetic resonance (NMR) spectra were ob-
tained as CD,Cl, solutions in Spectra Tech or Wilmad
NMR tubes (5 mm o.d.) at 25°C on a Varian Inova 300
MHz instrument. Chemical shifts were referenced to
SiMe, ("H-NMR and "C-NMR) or to CFCl; (*°F-
NMR). Spectral parameters for "TH-NMR (300 MHz)
include: tip angle 30° (pulse width 2.9 ps); acquisition
time 2.667 s; sweep width 6000 Hz. Spectral parameters
for *C-NMR (75 MHz) include: tip angle 45° (pulse
width 4.2 ps); acquisition time 0.8 s; sweep width 20 000
Hz. Spectral parameters for "F-NMR (282 MHz) in-
clude: tip angle 30° (pulse width 4.9 ps); acquisition
time 1.252 s; sweep width 50 000 Hz.

2.2. Materials

Acetonitrile (Fisher, certified A.C.S.), ethyl acetate
(Aldrich, HPLC grade), ethanol (McCormick Distillery,
Inc., anhydrous), 1,5-cyclooctadiene (Aldrich, 99 + %),
and silver tetrafluoroborate (Aldrich, 98%) were used as
received.  Dichloro(1,5-cyclooctadiene)ruthenium(II),
[RuCl,(1,5-COD)], (Strem, 99%), was ground for 15
min with a porcelain mortar and pestle to increase its
surface area in the suspended-solid reaction which fol-
lows. The [RuCl,(1,5-COD)], changes from black to
brown during the grinding, the lighter color being
consistent with a decrease in its particle size.

2.3. Preparation of [Ru(1,5-COD)(CH;CN),J[BF.], (1)

Recently ground (vide supra) [RuCl,(1,5-COD)],
(4.00 g, 14.3 mmol of Ru) was placed in an oven-dried,
250 ml, round-bottomed, side-armed flask containing a
stir bar and 80 ml of acetonitrile. To suppress the loss
of 1,5-COD and subsequent formation of [RuClL,(CH;-
CN),] [11], 6 ml (48.9 mmol) of 1,5-cyclooctadiene was
added. Next, AgBF, (5.56 g, 28.6 mmol, 2.0 equivalents
versus Ru), which had been weighed into a separate
glass vial, was added to the stirred suspension. The
glass vial was rinsed with 20 ml of acetonitrile and these
washings were added to the 250 ml reaction flask. The
round-bottomed flask was then fitted with a heating
mantle and a reflux condenser, and the reaction mixture
was heated under reflux with stirring for 120 h (see Fig.
1, vide infra). The brown suspension gradually light-
ened in color as the reaction proceeded. The product
mixture was allowed to cool to room temperature and
was gravity filtered (Whatman # 2 paper) into a 250 ml
round-bottomed flask to remove the solid AgCl and
unreacted [RuCl,(1,5-COD)],. The filter paper was then
rinsed with 50 ml of acetonitrile. The clear, yellow-
brown filtrate was reduced in volume to about 20 ml by
rotary evaporation at 40°C. Next, 40 ml of ethyl acetate
was added dropwise over 15 min with stirring. After
about half of the ethyl acetate was added, fine yellow
crystals began to form. The solution was stirred for an
additional 5 min following the addition. The yellow
crystals were then allowed to settle to the bottom of the
flask and the supernatant was removed with a
polyethylene pipette. The yellow crystals were washed
with 2 x 25 ml of ethyl acetate by adding 25 ml of ethyl
acetate to the round-bottomed flask, stirring the mix-
ture for about 2 min, allowing the crystals to settle, and
then removing the liquid with a polyethylene pipette.
The crystals were then dissolved in a minimum amount
of acetonitrile (typically <15 ml) and gravity filtered
(Whatman # 2 paper) into a 125 ml Erlenmeyer flask.
The filter paper was rinsed with 10 ml of acetonitrile.
Anhydrous ethanol was then added until the solution
became slightly cloudy (typically 50-100 ml) and the
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Erlenmeyer flask was sealed with Parafilm and placed
in a —20°C freezer for at least 3 h. The yellow,
crystalline product was then collected on a medium
glass frit, washed with 3 x 20 ml of anhydrous ethyl
ether, and allowed to dry on the frit under aspiration
for 30 min. Yield: 4.01 g (51%). Anal. Found (calc. for
[Ru(1,5-COD)(CH;CN),J[BF,],): C, 35.07 (35.13); H,
4.62 (4.42); N, 10.48 (10.24); B, 3.74% (3.95) [13-17].
'"H-NMR, ¢ (no. of H, multiplicity): 4.8 (4.0 H, unre-
solved multiplet), 2.8 (6.1 H, singlet), 2.5 (10.3 H,
singlet superimposed on an unresolved multiplet), 2.2
(4.1 H, partially resolved multiplet). 3*C-NMR, J: 4.3,
5.2, 29.2, 97.2, 126.1, 130.6. YF-NMR, J: —152.6
(singlet with a downfield shoulder).

2.4. Procedure for monitoring the evolution of 1 with
'H-NMR

Directly monitoring the reaction’s progress proved
key to improving the yield and selecting an optimized
reaction time. At selected intervals during the reaction,
duplicate aliquots of the reaction mixture were removed
for analysis by '"H-NMR (typically, only one of the
aliquots was actually analyzed, the second aliquot serv-
ing as a backup). Aliquots were removed by opening
the side-arm stopcock, inserting a stainless steel needle
into the stirred reaction mixture, withdrawing 0.5 ml of
solution into a disposable 1 ml syringe, and then clos-
ing the sidearm stopcock. The stainless steel needle was
then replaced with a nylon-membrane syringe filter (0.2
um pore size), the aliquot was filtered though the
membrane filter, and the filtration process was com-
pleted by rinsing the membrane syringe filter with 3 x
0.5 ml of acetonitrile. The sample was then evacuated
to dryness by rotary evaporation at 40°C. Next, the
sample was redissolved in 1.5 ml of CD,Cl, (Cambridge
Isotope Laboratories, Inc.) and, using a 5 ml glass
syringe, filtered through a nylon-membrane syringe
filter (0.2 pm pore size) directly into an NMR tube. The
relative amount of product was determined by compar-
ing the integral of the 'H residual of the deuterated
dichloromethane solvent peak to the integral of the
product peak at o 4.8 due to the 1,5-cyclooctadiene
ligand.

2.5. X-ray crystallography

X-ray quality single crystals were grown from ca. 100
mg of 1 in 25 ml of CH;CN-EtOH (1:9) at —20°C.
These conditions are similar to those used to recrystal-
lize the product during a standard preparation of 1,
although about 10 times more dilute. X-ray diffraction
data for 1 were collected at 160 K on a Siemens
SMART CCD diffractometer. Lorentz and polarization
corrections were applied, along with empirical absorp-
tion corrections (SADABS [18]). The structure was solved

Table 1

Crystal data and structure refinement for 1

Empirical formula

C,6H,,B,FsN,Ru

Formula weight 547.08
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2,/n
Unit cell dimensions
a (A) 16.0605(1)
b (A) 12.5340(2)
¢ (A) 22.1970(1)
B 101.207(1)
Volume (A3) 4383.10(8)
z 8
Absorption coefficient (mm ") 0.793
Crystal size (mm) 0.16 x0.18 x0.18
6 range for data collection (°) 1.44-28.48

Limiting indices

—20<h<20, —15<k<16,
—18<1<29

Reflections collected 28559

Independent reflections 10600 (R;,, =0.0797)
Data/restraints/parameters 10598/0/555

Goodness of fit on F? 0.986

Final R indices ® R, =0.0649, wR, =0.1580
Extinction coefficient 0.00055(12)

Largest difference peak and hole 2.048 and —1.178

(e A7?)

3R, is for [I>20(I)], wR, is for all data. R, = X||F,|—|F,||/Z|F,)
WR, = [Zw(|F,|— |F)*/Zw|F 11"~

by direct methods and refined using the Siemens
SHELXTL program library [19]. The structure was
refined by full-matrix weighted least-squares on F? for
all reflections. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen
atoms were included in the structure factor calculations
at idealized positions. Selected crystal data and struc-
tural refinement parameters are collected in Table 1.

3. Results and discussion
3.1. Preparation of [Ru(1,5-COD)(CH;CN),J[BF.],

The synthesis of [Ru(1,5-COD)(CH;CN),J[BF,], (1)
was accomplished in 51% yield in one step using two
equivalents of AgBF, to remove the chloride from the

[RUCI(1,5-COD)], + 2 AgBF, + 4 CHsCN

CH,ZCN (100 mL)
1,5-COD (6 mL)
120 h reflux

2 equivs. AgBF,
51% yield (4.01 g)

v
[Ru(1,5-COD)(CHsCN)4J[BF4lp + 2 AgCl Ll

Scheme 2. The one-step, 51% yield synthesis of [Ru(l,5-
COD)(CH;CN),][BF,], (1) developed herein. Note that reflux is 78°C
at the mile-high altitude of our laboratories at Colorado State
University.
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[RuCl,(1,5-COD)], starting material (Scheme 2). The
simple, but crucial, key to improving the yield of 1
involved following the reaction’s progress directly by
'"H-NMR (Fig. 1).

Fig. 1 shows two important points: the substitution
reaction on the d°, Ru(II) precursor is slow as expected
even in refluxing CH;CN, and the formation of product
has slowed to a near-zero rate after about 100 h at 78°C
reflux. Interestingly, and as shown in Fig. 1, the data
(including the fact that the reaction yield maximizes
around 50%) are reasonably well fit by the integrated
rate equation for an A — B — C reaction sequence (see
Egs. 4-6 elsewhere, [20]), where A is [RuCly(1,5-
COD)],, B is 1, and C is presently unidentified. The
data could not be fit using a single exponential func-
tion, specifically the integrated rate equation corre-
sponding to the other most obvious possible mechanism
to two products, the parallel reactions A —B (rate
constant k;) and A — C (rate constant k,) .

We reasoned that the reaction rate and yield could be
further improved by increasing the surface area of the
insoluble [RuCl,(1,5-COD)],, since such heterogeneous,
liquid—solid reactions typically show a dependence on
the surface area of the insoluble material > [21,22].
Indeed, grinding the [RuCl,(1,5-COD)], starting mate-

I
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Fig. 1. Plot of the reaction progress versus time for the synthesis of 1.
The evolution of product was monitored by removing aliquots of the
reaction solution and then analyzing them by '"H-NMR. Note that
the final data point (at 120 h), for which the relative amount of
product equals 8.3, corresponds to an isolated yield of 51%. The solid
line shows the fit of the kinetic data to the integrated rate equation
given in Eqs. 4-6 elsewhere [20] corresponding to an A—-»B—-C
reaction sequence (where A is the [RuCly(1,5-COD)],, B is 1, and C
is an unidentified, follow-up product) and using Microcal’s Origin
software (version 3.5.4).

! The integrated rate equation for [B] formation for the parallel
pathways mechanism, derivable via a couple of pages of algebra, is
[B]./(IB].. — [B,) =~ """, where kop, = k; + ks.

2 See ref. [21] for a theoretical study of the effect of particle size
and particle size distribution on reaction kinetics in liquid—solid
heterogeneous reactions. See ref. [22] for a study of the effect of
surface area on the heterogeneous reaction of quartz powder with
aqueous sodium hydroxide.

rial in a mortar and pestle prior to the reaction in-
creased the isolated yield from 42% to 51% for a 120 h
reaction.

The following evidence establishes the purity of the
resultant 1. First, the C, H, N and boron analyses each
match the calculated values for pure compound. Sec-
ond, the combination of the boron analysis and a
YF-NMR spectrum showing no visible ( < 5%) impuri-
ties in the —300 ppm to + 300 ppm range demon-
strates the purity of the anionic, BF, component of 1
(this is not trivial, as this and related anions are known
to decompose [23]). Third, 1 is 97% pure by 'H-NMR,
which confirms the (reliable) C, H and N analyses and,
hence, the purity of the organic components of 1. In
short, given that the C, H, N and boron elements in 1
have been shown to be present in the correct propor-
tion, it follows that the F (present only as BF; by
F-.NMR) and, then, Ru must also be present in the
correct proportions; in short, there is no other way to
fit the C, H, N and B (and thus F and thus, by
difference, Ru) analyses °.

3 The reader may wonder, as we did, why F and Ru analyses are
commonly not performed on organoruthenium complexes. (They
were not reported in ref. [11] for example.) In addition to their
expense, a simple answer is that reliable analyses can be difficult to
obtain for these particular elements and depending upon what inter-
fering elements are present. Let us first consider the case of F
analysis, which is commonly determined, after sample combustion, by
F~ selective electrode (for example, this is the standard method used
by Galbraith Laboratories Inc., vide infra). However, it is well known
that interference by B can give spurious results [13,14] when using F~
selective electrode. In fact, at least one literature report [13] demon-
strates that this technique gives a 9% low F analysis of a BF; salt
[Anal. Found (cale. for [C;H ,NOS][BF,]): F, 21.5 (30.76)]. The
reader might also wonder, as we did, what would result if we did the
control experiment and obtained F and Ru analyses on 1, a com-
pound proven to be pure by a variety of other methods, but also a
BF, salt and, of course, a complex of Ru. In fact, a F analysis on 1
(as performed by Galbraith Laboratories Inc.) proved unreliable as
expected (low by almost 4%) [Anal. Found (calc. for [Ru(l,5-
COD)(CH;CN),][BF,),): F, 23.92 (27.28)]. Note that the true error
bars on this analysis must be =+ 4%.

The case for Ru analysis based on the existing literature is a little
less clear, but still instructive.

Arguably the best method of Ru analysis is inductively coupled
plasma atomic emission sptrometry (ICP-AES) [15]. However, even
ICP-AES is known to suffer from a variety of interferences that
generally become more difficult to overcome the more complicated
the sample [15—17]. Again we did the control experiment of obtaining
a Ru analysis by ICP-AES and via Galbraith Laboratories (i.e. where
all the other analyses had been obtained). Indeed, and in two
independent analyses, the Ru analysis came out about 3% lower than
the calculated value (calc. 18.47, found 15.35, 15.77). Hence there
does appear to be an unidentified interference or other problem in at
least this specific analysis, one that reduces the reliability of this
specific Ru analysis to + 3%. The take-home message seems clear:
one must be careful when interpreting results of at least some
commercial F and Ru analyses on difficult samples since the standard
methods and procedures are not foolproof and since realistic error
bars are not provided as a part of the analysis. Caveat emptor!.
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Fig. 2. Molecular structure and atomic numbering scheme for 1 with thermal ellipsoids shown at the 50% probability level.

3.2. Comparison of the preparation of
[Ru(1,5-COD)(CH;CN),J[BF,], to the preparation of
[Ru"(1,5-COD)(CH,CN),JIPF ],

The literature preparation of [Ru'(1,5-COD)-
(CH;CN),J[PF], described in Section 1 (Scheme 1) and
the preparation of 1 (Scheme 2) involve similar chem-
istry. An advantage of the literature synthesis would
appear to be the overall time required to go from
[RuCl,(1,5-COD)], to [Ru'(1,5-COD)(CH;CN),J[PF],
(about 3 days) which is shorter than the time required
by the present synthesis to go from [RuCl,(1,5-COD)],
to 1 (about 5 days). However, the synthesis of [Ru"(1,5-
COD)(CH;CN),J[PF], is done in a stepwise manner
[11], which is considerably more work than the present
preparation of 1, especially since the second step of the
literature synthesis must be done zwice to have enough
material to perform the third step of the literature
synthesis. The literature synthesis of [Ru''(1,5-COD)-
(CH5CN),J[PF¢), [11] also results in only a 27-32%
overall yield in comparison to the 51% yield of 1 herein,
a yield that Fig. 1 shows is optimized at least as far as
the reaction time is concerned (and for grinding of the
starting material to improve its surface area and,
thereby, the resultant reaction rate). This ca. 75% in-
crease in percent yield is made even more significant by

the expense of the [RuCl,(1,5-COD)], precursor,
presently about $60 per gram.

3.3. Crystal structure of
[Ru(1,5-COD)(CH;CN),J[BF ./,

The molecular structure (with thermal ellipsoids
shown at the 50% probability level) and atomic num-
bering scheme for 1 are shown in Fig. 2. Selected bond
lengths and bond angles are shown in Table 2. There
are actually two molecules of 1 in the asymmetric unit,
but the bond lengths and bond angles are similar for
both molecules. For example, the Ru—C bond distances
in molecule 1 (shown in Fig. 2) are 2.255(6), 2.243(6),
2.241(6) and 2.230(6) A compared to 2.240(5), 2.238(6),
2.238(6) and 2.226(6) A for molecule 2.

Table 2 .
Selected bond lengths (A) and bond angles (°) for 1

Rul-NI1 2.061(5) Rul-N2 2.037(5)
Rul-N3 2.036(5) Rul-N4 2.069(5)
Rul-C9 2.255(6) Rul-CI2 2.230(6)
Rul-Cl13 2.241(6) Rul-Cl16 2.243(6)
NI-Rul-N2 85.6(2) NI-Rul-N3 84.3(2)
NI1-Rul-N4 93.6(2) N2-Rul-N3 165.6(2)
N2 Rul-N4 85.6(2) N3-Rul-N4 84.8(2)
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The six-coordinate ruthenium atom exhibits dis-
torted octahedral geometry. The two acetonitrile lig-
ands frans to one another are bent away from the
1,5-COD ligand (the N2-Rul-N3 bond angle is
165.6(2)°, and the corresponding N—Ru-N angle in
the other molecule of 1 in the asymmetric unit is
163.1(2)°). The two acetonitrile ligands trans to the
1,5-COD ligand have longer Ru—N bond Ilengths
(2.061(5) and 2.069(5) A, and for the other molecule
of 1 in the asymmetric unit, 2.052(5) and 2.053(5) A)
compared to the two acetonitrile ligands which are
trans to one another (2.037(5) and 2.036(5) A, and for
the other molecule of 1 in the asymmetric unit,
2.023(5) and 2.027(5) A). The ca. 0.03 A difference in
length for the Ru—N bonds trans to olefin compared
to the Ru—N bonds trans to nitrile is apparently due
to the trans influence [24]. Both olefin and nitrile
ligands have a relatively low trans influence [24,25],
but in this complex the trans influence of the olefin
is found to be higher. The crystal structures of
other ruthenium complexes with both acetonitrile
and 1,5-COD ligands have been reported [26—29], but
the structure of 1 is the first with acetonitrile ligands
trans to the 1,5-COD ligand and in a ruthenium
complex.

4. Conclusions

The ruthenium  solvate complex [Ru"(1,5-
COD)(CH,CN),J** has been prepared as its BF; salt
in a single step and in 51% yield, an approximately
75% increase in yield over the literature, three-step
synthesis of the analogous PFg; complex. An X-ray
crystal structure of the complex was determined, the
first structure of [Ru'(1,5-COD)(CH;CN),J**. Given
the usefulness of labile-ligand acetonitrile and 1,5-
COD complexes [1-5], the present complex promises
to find applications not only in our own work, but
also the work of others.

5. Supplementary material

Crystallographic data for the structural analysis
have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC no. 137679 for com-
pound 1. Copies of this information may be obtained
free of charge from The Director, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (Fax: + 44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk).
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