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A series of rhenium(1) diimine complexes with crown ether pendants has been synthesized and the
photophysical and electrochemical behaviour studied. By variation of the cavity size and donor atoms

of the crown ether, the complexes showed selective and specific binding properties for various metal cations
of different sizes and different degrees of hardness and softness. The X-ray crystal structure of one of

the complexes has also been determined.

Introduction

Since the pioneering works of Pedersen, Lehn and Cram,'™ the

chemistry and applications of host—guest interactions have
been elaborated rapidly and with remarkable results. Numer-
ous kinds of novel crown compounds and their analogues,
including aza- and thiacrown compounds, cryptands, optically
active compounds and polymeric crown compounds, have been
synthesized so far and their specific properties have been
investigated.* Studies on the host—guest interactions of known
chemical composition and structure are indeed highly interest-
ing and useful since they can help in elucidating the factors that
control receptor-substrate interactions in biological systems,
and can also lead to the creation of novel species and invention
of novel chemical processes. Selective binding of cations in
solution is a distinctive feature of the solution chemistry of
macrocyclic polyethers. The design and synthesis of new
macrocyclic ligands with different cavity sizes, donor atom
types, ring substituents, and so on, have resulted in a large
number and variety of compounds. The process of ion-macro-
cycle association depends on several factors related to char-
acteristic properties of the ligand, reacting ion and solvent. The
enhancement of complex stability by a close correspondence
between the ionic radius of the metal ion and the radius of the
cavity formed by the crown ether ring has been noted.> As the
ring size of the crown ether increases, the larger cations will
bind more strongly. The exchange of donor sites in crown
ethers, for example, N or S for O, will have even more drastic
effects on the complexation behaviour. The complexation of
alkali metal ions such as K™ falls dramatically when the ring
oxygens are replaced with sulfur or nitrogen, but rises signifi-
cantly in this order in the case of transition metal ions, such
as Ag*.%7

Recently, a series of copper(1),® ruthenium(m)’, zinc(ir)!°
gold(1),"" platinum(u)'? and palladium(ir)'* complexes contain-
ing various crown ether pendants has been synthesized by our
group. Their photophysical, spectrochemical and electroche-
mical properties upon alkali and alkaline earth metal cation
binding have been reported. The electronic absorption and
emission energies of the complexes were found to be sensitive
to the presence of metal cations. The binding constants of the
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complexes with various metal cations were determined based
on the UV-visible spectral changes. It is known that incorpor-
ating some soft donor atoms such as sulfur into the crown
ether moieties may enhance their complexation ability for
transition metal ions.*'*!> However, relatively little attention
has been focused on the incorporation of this type of crown
ether units into systems involving transition metal complexes.
These reasons, together with our previous interest in the
utilization of transition metal complexes containing crown
ether pendants to serve as chemosensors of various metal
ions, have prompted us to synthesize other related complexes
with the oxygen atoms in the crown ether ligands replaced by
softer chalcogen atoms such as sulfur or selenium, which may
give rise to selective and specific binding to transition metal
ions such as silver(l) ion. Variation of the cavity size of the
crown ethers will also be performed to achieve selective
binding.

As a continuation of our previous studies on the ion-binding
properties of a rhenium(1) diimine complex with a crown ether
containing ligand, [Re(CO);(dic)Cl] [1; dic = N-(2-pyridyl-
methylene)-4-aminobenzo-15-crown-5], towards different alka-
li or alkaline earth metal ions,'® we report herein the synthesis
of a related series of rhenium(1) diimine complexes with crown
ether pendants: [Re(CO);3(dic-18-c-6)ClI] (2), [{Re(CO);Cl},
(ddic)] (3), [Re(CO);(dic-S)Cl] (4), [Re(CO);(dic-3S)Cl] (5)
and [Re(CO);3(dic-Se)Cl] (6), shown in Scheme 1. The photo-
physical, electrochemical and cation-binding properties of
these systems have been studied. Complexes 2 and 3, with
benzo-18-crown-6 and dibenzo-18-crown-6 pendants, respec-
tively, were synthesized to provide a direct comparison of the
cation-binding properties between the mononuclear and the
dinuclear Re(1) systems as well as with the complex containing
the benzo-15-crown-5 pendant, that is 1.'® The selectivities and
specific cation-binding properties have also been altered by
incorporating different donor atoms such as sulfur and sele-
nium into the crown ether unit in 4-6. Apart from binding
studies using alkali and alkaline earth metal cations, other
transition metal ions such as Ag(1) were also employed in the
investigation of the binding properties. Their stability con-
stants have been determined by both UV-visible spectrophoto-
metric and '"H NMR titrations.
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Experimental

Rhenium(1) pentacarbonyl chloride (Strem), benzo-18-crown-6
(Aldrich), hydrazine hydrate (70%, BDH), silver trifluoro-
methanesulfonate (99%, Aldrich) and palladium/charcoal
(10%, Merck) were used without purification. 2-Pyridinecar-
boxaldehyde was obtained from Aldrich and distilled under
vacuum before use. Sodium perchlorate, potassium acetate,
barium perchlorate and tetra-n-butylammonium hexafluro-
phosphate were recrystallized from hot methanol and dried
under vacuum before use. Aminobenzo-18-crown-6,'" diami-
nobenzo-15-crown-5,"% and  rrans-4,4-diaminodibenzo-18-
crown-6'? were synthesized according to literature procedures.
The ligands dic-18-c-6, dic-S, dic-3S and dic-Se were prepared
according to the procedures reported previously.®

Syntheses

N,N'-Bis(2-pyridylmethylene)-trans-4,4' -diaminodibenzo-18-
crown-6 (ddic). This was prepared by modification of a re-
ported method for the synthesis of N-(2-pyridylmethylene)phe-
nylamine.”® 2-Pyridinecarboxaldehyde (11.40 mg, 1.07 mmol)
in 10 ml methanol was slowly added to 0.5 equiv. of rrans-4,4'-
diaminodibenzo-18-crown-6 (207 mg, 0.53 mmol) dissolved in
10 ml of the same solvent. The colour of the solution imme-
diately turned to greenish yellow. The solution was refluxed for
4 h and was then evaporated to dryness. Subsequent recrys-
tallization from CH,Cl,—MeOH afforded the product as yellow
crystals. Yield 274 mg, 91%. '"H NMR (300 MHz, CDCls, 298
K): 6 4.0 (m, 8H,-CH,OCH>-), 4.2 (m, 8H,—-CH,OCH>-), 6.9
(m, 6H, aryl H), 7.3-7.4 (m, 2H, pyridyl H), 7.7-7.8 (m, 2H,
pyridyl H), 8.2 (m, 2H, pyridyl H), 8.6 (s, 2H, -CH=N-), 8.7
(m, 2H, pyridyl H). EI-MS: m/z 568 [ddic]".

[Re(CO);(dic)Cl] (1). The synthesis of 1 was communicated
previously.”” This complex was prepared by modification of a
literature method for the related Re(1) diimine complexes.?*!
Re(CO)sCl (361 mg, 1 mmol) and dic (372 mg, 1 mmol) were
suspended in benzene (80 ml). The reaction mixture was
refluxed for 4 h under nitrogen, during which the colourless
suspension turned to a red solution. The solvent was then
evaporated under reduced pressure. Red crystals were obtained
from slow diffusion of diethyl ether vapour into a concentrated
chloroform solution of the complex. Yield: 610 mg, 90%. 'H
NMR (300 MHz, CDCl3, 298 K): 6 3.74.2 (m, 16H, —-CH,0O
CH>-), 6.9 (d, 1H, J = 8.6 Hz, aryl H meta to -N=CH), 7.1
(dd, 1H, J = 8.6 and 2.4 Hz, aryl H ortho to -N=—CH), 7.2 (d,
1H, J = 2.4 Hz, aryl H ortho to -OCH, and -N=—CH), 7.6 (dt,
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IH, J = 5.2 and 1.2 Hz, pyridyl H), 8.0 (d, 1H, J = 7.6 Hz,
pyridyl H ortho to -CH=N), 8.1 (dt, 1H, J = 7.6 and 1.2 Hz,
pyridyl H), 8.8 (s, IH, -CH=N-), 9.0 (d, 1H, J = 5.2 Hz,
pyridyl H ortho to N). IR (Nujol mull, KBr, cm™'): 2017 (s)
(C=0), 1913 (s) (C=0), 1895 (s) C=O0); positive FAB-MS:
m/z 677 [M]", 642 [M — CI]"; Anal. found (%): C 40.40, H
3.80, N 4.11; calcd. for [Re(CO);(dic)Cl] (%): C 40.70, H 3.54,
N 4.13.

[Re(CO)3(dic-18-c-6)Cl| (2). This was similarly prepared as
for [Re(CO);(dic)Cl] except that dic-18-c-6 (416 mg, 1 mmol)
was used instead of dic. [Re(CO);(dic-18-c-6)Cl] was obtained
as red crystals by slow diffusion of diethyl ether vapour into a
concentrated chloroform solution of the complex. Yield: 650
mg, 90%. '"H NMR (300 MHz, CDCls, 298 K): 6 3.77-3.8 (m,
12H, -CH,OCH»-), 3.9 (m, 4H, —-CH,OCH>-), 4.2 (m,
4H, -OCH,CH,0-), 6.9 (d, 1H, J = 8.4 Hz, aryl H meta
to -N—CH), 7.0 (dd, 1H, J = 8.4 and 2.4 Hz, aryl H ortho to
-N=CH), 7.2 (d, 1H, J = 2.4 Hz, aryl H ortho to -OCH, and
—-N=CH), 7.6 (dt, 1H, J = 5.6 and 1.2 Hz, pyridyl H), 8.0
(d, 1H, J = 7.6 Hz, pyridyl H ortho to -CH=N), 8.1 (dt, 1H,
J = 7.6 and 1.2 Hz, pyridyl H), 8.8 (s, IH, -CH=N-), 9.1
(d, 1H, J = 5.6 Hz, pyridyl H ortho to N). IR (Nujol mull, KBr,
em™Y): 2017 (s) C=0), 1914 (s) (C=0), 1900 (s) (C=0);
positive FAB-MS: m/z 722 [M]", 687 [M — CI]*; Anal. found
(%): C 41.23, H 4.02, N 3.91; caled. for [Re(CO);(dic-18-c-
6)Cl] (%): C 41.57, H 3.88, N 3.88.

[{Re(CO);Cl},(ddic)] (3). This was similarly prepared as for
[Re(CO);(dic)Cl] except that 0.5 equiv. of ddic (284 mg, 0.5
mmol) was used instead of dic-18-c-6. [{Re(CO);Cl},(ddic)] was
obtained as a reddish orange powder after recrystallization
from CH,Cl,—diethyl ether. Yield: 944 mg, 80%. 'H NMR
(300 MHz, CD,Cl,, 298 K): 6 3.9 (m, 8H, ArOCH»-), 4.2 (m,
8H, -CH,OCH,-), 4.2 (m, 4H, -CH,OCH,-), 6.9 (d, 2H, J =
8.6 Hz, aryl H meta to -N=—=CH), 7.0 (dd, 2H, J = 8.6 and 2.4
Hz, aryl H ortho to -N—CH), 7.2 (d, 2H, J = 2.4 Hz, aryl H
ortho to -OCH, and -N=CH), 7.6 (dt, 2H, J = 5.6 and 1.2 Hz,
pyridyl H), 8.0 (d, 2H, J = 7.8 Hz, pyridyl H ortho to -CH=
N), 8.1 (dt, 2H, J = 7.8 and 1.2 Hz, pyridyl H), 8.8 (s,
2H, -CH=N-), 9.1 (d, 2H, J = 5.6 Hz, pyridyl H ortho to
N). IR (Nujol mull, KBr, cm™!): 2020 (s) (C=0), 1920 (s)
(C=0), 1905 (s) {C=O0); positive FAB-MS: m/z 1180 [M]*,
1145 [M —CI]*; Anal. found (%): C 38.22, H 2.96, N 4.57;
caled. for [{Re(CO);Cl},(ddic)] (%): C 38.66, H 2.71, N 4.75.

[Re(CO)3(dic-S)CI] (4). The preparation was similar to that
for [Re(CO)3(dic)Cl] except dic-S (388 mg, 1 mmol) was used
instead of dic. Slow diffusion of diethyl ether vapour into a
concentrated CH,Cl, solution of the complex gave [Re(CO);
(dic-S)CI], isolated as red crystals. Yield: 590 mg, 85%. 'H
NMR (300 MHz, CD,Cl,, 298 K): 6 2.8 (m, 4H, —-CH,S-), 3.8~
3.9 (m, 8H, -CH,OCH,-), 4.2 (m, 4H, ArOCH,»-), 6.9 (d, 1H,
J = 8.6 Hz, aryl H meta to -N=—CH), 7.1 (dd, 1H, J = 8.6 and
2.4 Hz, aryl H ortho to -N=CH), 7.2 (d, 1H, J = 2.4 Hz, aryl
H ortho to -OCH, and -N=CH), 7.6 (dt, I1H, /= 5.4 and 1.2
Hz, pyridyl H), 8.0 (d, 1H, J = 7.6 Hz, pyridyl H ortho to
—CH=N), 8.1 (dt, IH, J = 7.6 and 1.2 Hz, pyridyl H), 8.8
(s, IH, -CH=N-), 9.0 (d, 1H, J = 5.4 Hz, pyridyl H ortho to
N). IR (Nujol mull, KBr, cm™'): 2014 (s) (C=0), 1909 (s)
(C=0), 1884 (s) (C=0); positive FAB-MS: m/z 694 [M]*,
659 [M — CI]™; Anal. found (%):C 38.86, H 3.33, N 3.78; calcd.
for [Re(CO);(dic-S)CI] - H,O (%): C 38.77, H 3.65, N 3.93.

[Re(CO)3(dic-3S)CI] (5). The preparation was similar to that
for [Re(CO);(dic)Cl] except dic-3S (420 mg, 1 mmol) was used
instead of dic. Slow diffusion of diethyl ether vapour into a
concentrated CH,Cl, solution of the complex gave [Re(CO);
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(dic-3S)Cl], isolated as red crystals. Yield: 617 mg, 85%. 'H
NMR (300 MHz, CDCl;, 298 K): ¢ 2.9 (m, 4H, -SCH,CH,SC
H,CH,S-), 3.8-3.9 (m, 8H, -OCH,CH,SCH,CH,S-), 4.3
(m, 4H, ArOCH,-), 6.8 (d, 1H, J = 8.4 Hz, aryl H meta to
—N=CH), 6.9 (dd, 1H, J = 8.4 and 2.4 Hz, aryl H ortho to
-N=CH), 7.2 (d, 1H, J = 2.4 Hz, aryl H ortho to -OCH, and
—N=CH), 7.6 (dt, 1H, J = 5.2 and 1.2 Hgz, pyridyl H), 7.9
(d, 1H, J = 7.6 Hz, pyridyl H ortho to -CH=N-), 8.1 (dt, 1H,
J = 7.6 and 1.2 Hz, pyridyl H), 8.8 (s, 1H, -CH=N-), 9.1
(d, 1H, J = 5.2 Hz, pyridyl H ortho to N). IR (Nujol mull, KBr,
em™Y): 2015 (s) UC=0), 1907 (s) UC=0), 1882 (s) (C=0);
positive FAB-MS: m/z 726 [M]™, 691 [M — CI]*; Anal. found
(%): C 37.14, H 3.13, N 3.60; calcd. for [Re(CO)s(dic-3S)Cl] -
H,O (%): C 37.11, H 3.50, N 3.76.

[Re(CO);(dic-Se)Cl] (6). The preparation was similar to that
for [Re(CO);3(dic)Cl] except dic-Se (436 mg, 1 mmol) was used
instead of dic. Slow diffusion of diethyl ether vapour into a
concentrated CH,Cl, solution of the complex gave [Re(CO);
(DIC-Se)Cl], isolated as red crystals. Yield: 630 mg, 85%. 'H
NMR (300 MHz, CDCl;, 298 K): § 2.8 (m, 4H, —CH,Se-),
3.9 (m, 8H, -CH,OCH,-), 4.2 (m, 4H, ArOCH>-), 6.9 (d, 1H,
J = 8.6 Hz, aryl H meta to -N=—CH), 7.1 (dd, 1H, J = 8.6
and 2.6 Hz, aryl H ortho to -N=—CH), 7.2 (d, 1H, J = 2.6 Hz,
aryl H ortho to -OCH, and -N=CH), 7.6 (dt, 1H, J = 5.6 and
1.0 Hz, pyridyl H), 8.0 (d, 1H, J = 7.6 Hz, pyridyl H ortho to
—CH=N), 8.1 (dt, IH, J = 7.6 and 1.0 Hz, pyridyl H), 8.8
(s, 1H, -CH=N-), 9.0 (d, 1H, J = 5.6 Hz, pyridyl H ortho
to N). IR (Nujol mull, KBr, cm™'): 2014 (s) (C=0), 1909
(s) UC=0), 1883 (s) (C=0); positive FAB-MS: m/sz 742
[M]*, 707 [M —CI]*; Anal. found (%): C 37.61, H 3.31,
3.67; caled. for [Re(CO)5(dic-Se)Cl] (%): C 37.25, H 3.24,
N 3.78.

Physical measurements and instrumentation

UV-visible spectra were obtained with a Hewlett—Packard
8452A diode array spectrophotometer, IR spectra as KBr discs
with a Bio-Rad FTS-7 Fourier transform IR spectrophot-
ometer (4000400 cm '), and steady-state excitation and emis-
sion spectra with a Spex Fluorolog 111 spectrophotometer
equipped with a Hamamatsu R-928 photomultiplier tube. All
solutions for photophysical studies were prepared under high
vacuum in a 10 cm® round-bottomed flask equipped with a side
arm 1 cm fluorescence cuvette and sealed from the atmosphere
by a Rotaflo HP6/6 quick-release Teflon stopper. Solutions
were rigorously degassed with no fewer than four successive
freeze-pump-thaw cycles.

'"H NMR spectra were recorded with a Bruker DPX-300
FTNMR spectrometer (300 MHz) in CDCl; or CD,Cl, at 298
K, and chemical shifts are reported relative to Me,Si. All EI
and positive-ion FAB mass spectra were recorded with a
Finnigan MAT95 mass spectrometer. Elemental analyses of
the new complexes were performed with a Carlo Erba 1106
elemental analyzer at the Institute of Chemistry, Chinese
Academy of Sciences.

Cyclic voltammetric measurements were performed by using
a CH Instruments, Inc. model CHI 620 Electrochemical Ana-
lyzer. Electrochemical measurements were performed in acet-
onitrile solutions with 0.1 M "BuyNPF4 (TBAH) as supporting
electrolyte at room temperature. The reference electrode was a
Ag/AgNO; (0.1 M in acetonitrile) electrode and the working
electrode was a glassy carbon electrode (Atomergic Chemetals
V25) with a platinum gauze as the counter electrode. The
ferrocenium/ferrocene couple (FeCp,*'%) was used as the
internal reference. All solutions for electrochemical studies
were deaerated with prepurified argon gas just before measure-
ments.

View Article Online

X-Ray crystallography

An orange crystal of 6 with dimensions of 0.40 x 0.10 x 0.05
mm?® mounted on a glass fibre was used for data collection at
28 °C on a Rigaku AFC7R diffractometer with graphite
monochromated Mo-Ka radiation (4 = 0.71073 A) using » — 2
0 scans with a w scan angle (0.63 + 0.35tan 0)° at a scan speed
of 86.0 deg min™" [up to 6 scans for reflections I < 15a(J)].
Unit cell dimensions were determined based on 25 reflections in
the 20 range of 32.52° to 37.4°. Intensity data (in the range of 2
Omax = 45% h: —8t0 9; k: 0 to 13; /: —13 to 14 and 3 standard
reflections measured after every 300 reflections showed decay
of 0.65%), were corrected for Lorentz and polarization effects,
and empirical absorption corrections were based on the i/ scan
of five strong reflections (minimum and maximum transmis-
sion factors 0.649 and 1.000). The space group was used on the
basis of a statistical analysis of the intensity distribution and
the successful refinement of the structure solved by Patterson
methods and expanded by Fourier methods (PATTY??) and
refinement by full-matrix least squares using the software
package TeXsan? on a Silicon Graphics Indy computer.
Two carbon atoms, C(17) and C(18), were disordered into
two sets of positions and refined isotropically. One crystal-
lographic asymmetric unit consists of one molecule.f

Crystal data for 6: ReCy3H,4N,07SeCl, M, = 741.07, tricli-
nic, space group PI(No. 2), a = 8.669(4), b = 12.752(4), ¢ =
13.644(4) A, o = 67.57(3)°, f = 89.21(3)°, y = 72.56(3)°, V =
1321.409) A*, Z = 2, u(Mo-Ko) = 6.12 cm ™', 3651 reflections
measured, 3464 unique (R, = 0.015) reflections of which 3037
[ > 30(D)] reflections were used for refinement with R = 0.026
and wR = 0.032.

Stability constant determination

The electronic absorption spectral titration for binding con-
stant determination was performed with a Hewlett—Packard
8452A diode array spectrophotometer at 25 °C. Typically, the
concentration of rhenium(r) complex solution used for electro-
nic absorption spectral titration was 1.2 x 107> mol dm™>,
except for 3 with a concentration of 0.6 x 10~* mol dm~3, in
CH;OH or CH;CN. Binding constants for 1:1 complexation
were obtained by a nonlinear least-squares fit'>** of the
absorbance (X) versus the concentration of the metal ion added
(Cm) according to eqn. (1):

Xim - Xo
X = Xo +12[T{[CO] + [Cm] + l/Ks - [([Co]
+[Cu] + 1/K)* = 4[C,)[Cul) ) (1)

where X, and X are the absorbance of rhenium(1) complexes at
a selected wavelength in the absence and presence of the metal
cation, respectively, C, is the total concentration of rhenium(r)
complex, Cp, is the concentration of the metal cation, Xy, is
the limiting value of absorbance in the presence of excess metal
ion and Kj is the stability constant.

For proton NMR titration experiments, a solution of the
rhenium(1) complex was prepared at a concentration typically
on the order of 5.5-6.3 x 10~* mol dm> in CD5CN (1 ml).
The initial 'H NMR spectrum was recorded and aliquots of
silver trifluoromethanesulfonate were added using a microsyr-
inge. The typical concentration of the metal cation was such
that a 10 pl addition gave 0.2 equiv. of metal cation. After each
addition and mixing, the spectrum was recorded and changes
in the chemical shift of certain protons were noted. The results
of the experiment were expressed as a plot of chemical shift as a
function of the amount of cation added, which was subjected

+ CCDC reference numbers 252682. See http://www.rsc.org/suppdata/
nj/b4/b415951a/ for crystallographic data in .cif or other electronic
format.
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C6) () (5)

Fig. 1 Perspective drawing of 6 with the atomic numbering scheme.
Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are
shown at the 50% probability level. Selected bond distances (A) and
bond angles (deg): Re(1)-CI(1) 2.472(2), Re(1)-N(1) 2.174(5), Re(1)-
N(2) 2.207(5), Re(1)-C(1) 1.903(8), Re(1)-C(2) 1.936(7), Re(1)-C(3)
1.918(8), C(8)—-C(9) 1.450(9), N(2)-C(9) 1.262(8), N(2)-C(10) 1.444(7),
CI(1)-Re(1)-C(2) 177.0(2), N(1)-Re(1)-N(2) 74.3(2), N(1)-Re(1)-C(1)
175.3(2), N(2)-Re(1)-C(3) 169.7(2), Re(1)-C(1)-O(1) 177.6(7), Re(1)—
C(2)-0(2) 174.1(7), Re(1)-C(3)-0(3) 178.5(7), N(1)-C(8)-C(9)
114.7(6), N(2)-C(9)-C(8) 119.8(6).

to analysis by curve fitting since the shape of the titration curve
is indicative of the stability constant for complex formation.
The computer program EQNMR?® was used, which requires a
knowledge of the concentration of each component and the
observed chemical shift for each data point.

Results and discussion
Crystal structure determination

A perspective drawing of 6 is depicted in Fig. 1. The struc-
ture of 6 shows a distorted octahedral geometry with three
carbonyl ligands in a facial arrangement, which is commonly
observed in other related rhenium(r) tricarbonyl diimine com-
plexes.!®202628 The structure of the crown-free analogue,
[Re(CO)3{N-(2-pyridinylmethylene)benzenamine}Cl], has been
reported; it showed a similar geometry as well as comparable
bond distances and angles.?’ The bond distances of C(8)-C(9)
and N(2)-C(10) are 1.450(9) and 1.444(7) A, respectively,
indicative of bond character intermediate between a single and
a double bond, while the N(2)-C(9) bond with a length of
1.262(8) A is typical of a double bond. Similar to other related
complexes, the N(1)-Re(1)-N(2) bond angle of 74.3(2)°, which
is smaller than 90°, is due to the bite distances exerted by the
steric requirements of the chelating diimine ligand.!%2628

Photophysical properties

The electronic absorption spectra of 1-6 in methanol or
acetonitrile showed similar patterns with a high-energy absorp-
tion band at ca. 272 nm and a low-energy absorption band at
ca. 400 nm. The photophysical data for 1-6 are summarized in

Table 1 Photophysical data for 1-6 at room temperature

View Article Online
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Fig. 2 Electronic absorption spectra of 2 (—) and 3 (---) in MeOH
at 298 K.

Table 1. With reference to previous spectroscopic work on
rhenium(1) diimine systems,'®?*2"27-3% the low-energy absorp-
tion bands at ca. 400 nm are tentatively assigned as a mixed
dn(Re) — n*(diimine) MLCT/n(diimine) — n*(diimine) IL
transition. The close resemblance of the electronic absorption
energies of the complexes is suggestive of a small influence of
the variation of crown ether cavity size and donor atoms on the
n*(diimine) orbital energies. This is understandable since a
variation of the crown ether unit is too remote to affect the
MLCT/IL transition energies. Fig. 2 depicts the electronic
absorption spectra of 2 and 3 in MeOH at 298 K. For complex
3, the molar extinction coefficients of both the high-energy and
low-energy absorption bands are almost double those of the
mononuclear counterparts, 1, 2 and 4-6. This is in accord with
the presence of two chromophores in the dinuclear complex.

Complexes 1-6 exhibit a rather weak emission band at ca.
777-790 nm in CH,Cl, solution upon visible light excitation
(4 > 350 nm). The emission spectrum of 4 in degassed CH,Cl, at
298 K is shown in Fig. 3. Although the lifetimes of the
complexes are too short to be measured accurately with our in-
strument (t < 0.1 ps, thus in the submicrosecond range), the
emission is assigned as derived from the dn(Re) — m*(diimine)
SMLCT excited state, which has a lifetime typically in the sub-
microsecond range. Lower emission energies were observed in
1-6, compared to those of other chlororhenium(i) polypyridyl
complexes, [Re(CO);(N-N)CI] (N-N = bpy, phen),>”* which is
attributed to the lower-lying ©* orbital energies of the N-(2-
pyridinylmethylene)benzenamine ligands. The shortening of emis-
sion lifetime in the present system with the comparatively lower-
energy "MLCT excited state is consistent with the prediction from
the energy gap law.*° Similar to the electronic absorption spectro-
scopy, the occurrence of emission bands at similar energies is
ascribed to a small influence of the variation of crown ether cavity
size and donor atoms on the n*(diimine) orbital energies.

Electrochemical properties

The electrochemical properties of 1-6 have been investiga-
tedL by cyclic voltammetric studies, which show very similar

Complex Medium Aabs/IM (s/dm3 mol ™! cm’l) Corrected Aep/mm (7,/us)
1 CH;O0H 272 (15980), 399 (9150) 777 (<0.1)
2 CH;0H 272 (16 080), 400 (9410) 785 (<0.1)
3 CH;0H 272 (31200), 400 (18 090) 790 (<0.1)
4 CH;0OH 272 (15900), 400 (9440) 777 (<0.1)
CH;CN 274 (14910), 398 (9000)
5 CH;0H 272 (16 400), 400 (9510) 785 (<0.1)
CH;CN 272 (15770), 396 (8960)
6 CH;O0H 272 (16 390), 400 (9500) 790 (<0.1)
CH;CN 272 (16 020), 400 (9360)

“ Measured in dichloromethane solution.
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Fig. 3 Corrected emission spectrum of 4 in degassed CH,Cl, at 298 K.

electrochemical behaviour. The cyclic voltammograms of 1-6
in acetonitrile show one quasi-reversible reduction couple and
an irreversible reduction wave upon reduction scanning, while
two irreversible oxidation waves were observed in the oxida-
tion scan. Their electrochemical data are summarized in Table
2. The first quasi-reversible reduction couple for all the com-
plexes occurs at almost the same potential, at ca. —1.01 V vs.
SCE, which is assigned as a diimine ligand-centred reduction.
A similar reduction potential (—0.94 V vs. SCE) was observed
in the crown-free analogue, [Re(CO);{N-(2-pyridinylmethyle-
ne)benzenamine}Cl].?° The relatively greater ease of reduction
of the crown-free ligand [N-(2-pyridinylmethylene)benzena-
mine] than the crown ether containing ligands is in agreement
with the lower ©* orbital energy of the former than the crown
ether containing ligands, which have electron-donating poly-
ether substituents on the aromatic ring. On the other hand, the
relatively less negative reduction potential compared with
other related chlororhenium(i) diimine complexes, [Re(CO)3
(N-N)CI] (N-N =bpy, phen),? 323536 reveals the lower n*
orbital energies of N-(2-pyridinylmethylene)benzenamine li-
gands, which can be supported by the observation of a lower
MLCT transition energy for this series of complexes.

The second cathodic wave, which occurs at ca. —1.42 V,
is likely to be the Re(1)/Re(0) reduction. Similar assignments
have also been suggested in other rhenium(i) diimine com-
plexes.?® 323336 The close resemblance of the reduction poten-
tials suggests that the changes in the crown ether moiety,
whether a change in the cavity size or replacement of oxygen
atoms by other softer donor atoms, will not significantly alter
the ease of reduction of the ligands. Similarly, an irreversible
anodic wave, which is relatively insensitive to the nature of the

Table 2 Electrochemical data for 1-6 in acetonitrile (0.1 mol dm >

"Bu,NPFg) at 298 K*

Oxidation E,,/V Reduction E,»/V vs. SCE*

Complex vs. SCE? (AE,/mV)

1 +1.40 —1.02 (75.2)
+1.58 —1.467

2 +1.41 —1.02 (73.8)
+1.59 —1.447

3 +1.39 —1.04 (78.5)
+1.58 —1.52¢

4 +1.41 —1.10 (71.9)
+1.59 —1.42¢

5 +1.27 —1.01 (80.2)
+1.43 —1.434

6 +1.13 —1.01 (72.9)
+1.44 —1.42¢

“ Working electrode: glassy carbon; scan rate = 100 mV s~ '; AEg of
Fc*/Fc = 69-78 mV. ° Eya: anodic peak potential. © Ey/, = M,
E,, and E,. are anodic and cathodic peak potentials, respectively.
4 Cathodic peak potential for the irreversible wave.
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crown ether containing ligands, was observed at ca. +1.41 V vs.
SCE and is assigned as a Re(1) — Re(i1) oxidation. Similar
assignments have also been made for the irreversible oxidation
wave in other related Re(1) diimine systems.?8 323536

Cation-binding properties

Upon addition of alkali and alkaline earth metal ions, such as
sodium perchlorate, potassium acetate and barium perchlo-
rate, a blue shift of the MLCT/IL absorption band in methanol
solution has been observed for complexes 1-3. Such a shift in
absorption energy can be ascribed to encapsulation of metal
cations into the crown ether moiety of the complexes as similar
shifts are absent in the related crown-free complexes. Other
related Cu(1), Ru(m) and Zn(i1) systems also exhibited a similar
absorption energy shift upon addition of alkali or alkaline
earth metal cations.>**!* All the absorption curves show a
gradual decrease in absorbance at ca. 400 nm upon increasing
the cation concentration, reaching saturation at higher cation
concentration. Fig. 4 illustrates the electronic absorption spec-
tral traces of 2 in MeOH at 298 K upon addition of barium ion.

The binding ability of the complexes with the cations can be
determined from a knowledge of the stability constants. With
the exception of 1 with potassium ion, well-defined isosbestic
points were observed at ca. 380-390 nm upon addition of all
the three metal cations, suggesting that only two absorbing
species in equilibrium are present in the solution: the free and
bound species. The observation of well-defined isosbestic
points in the UV-visible spectral traces and the satisfactory
agreement between experimental data and theoretical fit ac-
cording to eqn. (1) for sodium, potassium and barium ions with
2 and 3, and for sodium and barium ions with 1, are suggestive
of a complexation stoichiometry of 1:1. The lack of well-
defined isosbestic points in the UV-visible spectral traces and
the absence of satisfactory agreement of the experimental data
to the theoretical fit for potassium ion with 1 are suggestive of a
system involving a mixture of 1:1 and 1:2 complexation. The
stability constants of 1-3 with sodium, potassium and barium
cations are summarized in Table 3.

Due to the better size match of the benzo-15-crown-5 cavity
with sodium ion than with barium ion, the stability constant
for sodium ion was larger than that for barium ion in 1.
Similarly, for 2 and 3 with the respective benzo-18-crown-6
and dibenzo-18-crown-6 pendants, the stability constant for
potassium ion was larger than those for sodium and barium
ions due to the better size match. These results are in accor-
dance with those observed in the related organic systems. 043
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Fig. 4 Electronic absorption spectral traces of 2 in methanol at 298 K
upon addition of barium perchlorate. The insert shows a plot of
absorbance versus [Ba®*] monitored at 4 = 350 nm (M) and the
theoretical fit (—).
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Table 3 Stability constants, log K, of 1-3 with alkali and alkaline
earth metal cations in methanol at 298 K from UV-Vis absorption
spectrophotometric method

Complex Na™ K" Ba>*
1“ 2.6 —b 2.0
2 4.1 5.2 4.8
3 3.8 4.4 2.9

“ From ref. 16. * Not determined.

Despite the fact that the ionic diameter of sodium ion should
better fit the benzo-15-crown-5 cavity than that of crown ethers
having 18-membered rings, the stability constants for sodium
ion with 2 (log K; = 4.1) and 3 (log K = 3.8), which contain the
respective  benzo-18-crown-6 and dibenzo-18-crown-6 pen-
dants, are larger than that with 1 (log K = 2.4), which contains
the benzo-15-crown-5 pendant. A similar trend of log K for
benzo-15-crown-5 (2.9-3.4) < benzo-18-crown-6 (4.0-4.5) ~
dibenzo-18-crown-6 (4.4-4.5) in methanol has also been ob-
served.**** Such a phenomenon may be due to the larger size
of the solvated sodium ion as a result of its good solubility in
methanol as well as the fact that the 18-crown-6 is able to form
a 18-crown-6-Na™ complex in a folded fashion with one
oxygen atom out-of-the-plane in order to obtain a better fit
of the sodium ion.**

The cation-binding properties of 4-6 with silver ion (silver
trifluoromethanesulfante), which is a soft metal cation and is
known to bind to thia- and selenacrown ethers, have also been
studied by UV-visible absorption spectrophotometry and 'H
NMR spectroscopy. Similar to the titration studies of 1-3 with
alkali and alkaline earth metal ions in the electronic absorption
spectra, a blue shift in the absorption band of 4-6 was observed
upon addition of Ag' into an acetonitile solution of the
complexes. The UV-visible absorption spectral traces of 6 upon
sequential addition of silver ions in acetonitrile are shown in
Fig. 5. Although the change in the absorbance and the shift of
the peak maximum are small, which can be ascribed to the
small charge density of the silver ion, a clean isosbestic point
was observed in all cases, indicating the presence of two species
in equilibrium in such ion-binding experiments. Similarly,
the stability constants of 4-6 with silver ion are obtained by
the theoretical fits to eqn. (1) and are summarized in Table 4.
The close agreement of the experimental data with the theore-
tical fit is supportive of a 1:1 stoichiometry. However, no
remarkable absorption spectral changes occur upon addition
of alkali or alkaline earth metal cations into the solution of
complexes 4-6.
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Fig. 5 Electronic absorption spectral traces of 6 in acetonitrile at 298
K upon addition of silver trifluoromethanesulfonate. The insert shows
a plot of absorbance versus [Ag"] monitored at 2 = 350 nm (M) and
the theoretical fit (—).
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"H NMR studies have also been carried out to investigate
the interaction of 4-6 with silver ion. Such results would
constitute an independent set of measurements that could be
compared to those determined using UV-visible absorption
spectrophotometry. The addition of silver ion to deuterated
acetonitrile solutions of the complexes resulted in a downfield
perturbation of the crown ether protons, especially the methy-
lene protons adjacent to the sulfur or selenium atom (Fig. 6).
Typically, such methylene protons display a downfield shift of
ca. 0.2 ppm upon addition of 2 equiv. of silver ion. The least-
squares fitting program EQNMR?® was used to estimate the
stability constants for this 1:1 complexation from the 'H
NMR titration data. By fitting the data using this program,
the stability constants were generated after a number of
iterations with an estimated error of <2% (Table 4). The
satisfactory agreement of such theoretical fits is also suggestive
of a 1:1 complexation stoichiometry for the rhenium complex
with silver ion. This is consistent with the results from UV-
visible absorption spectrophotometry in which a 1:1 com-
plexation was also revealed.

In contrast, addition of silver ion to complexes 1-3 in
CD;CN resulted in no observable shift of the proton signal
in the '"H NMR spectrum, suggesting a small binding ability of
the complex for silver ion compared to those containing the
thia- and selenacrown units. From Table 4, it can be seen that
the stability constants obtained using different methods are
comparable to each other, indicating the reliability of both
methods. As with other related organic systems, introduction
of softer donor atoms such as sulfur or selenium into a
macrocycle increases the affinity of the macrocycle for Ag*
and hence increases the stability constant. This result is con-
sistent with the fact that the soft donor atoms have high affinity
for the soft metal cations, in accord with the hard-soft acid—
base principle.

Complex 5 shows the largest stability constant with Ag™,
while that of 4 is the smallest amongst the three complexes. The
observed difference in the stability constant is reasonable since
there are three sulfur atoms to interact with Ag™ in the crown
ether moiety of 5 and, therefore, the cation-bound species is
more stable or the cation is held more firmly. Because of the
higher affinity of selenium atom than sulfur atom for Ag™ ions,
it is also understandable that the stability constant with Ag™
for 6 is higher than that for 4. In order to study the solvent
effect on such silver ion binding properties of 4-6, another set
of stability constants was obtained, using methanol as the
solvent, from the UV-visible spectrophotometric titration stu-
dies (Table 4). Unlike the case of common alkali or alkaline
earth metal cations, for which smaller stability constants are
anticipated in methanol compared to in acetonitrile as a result
of the higher solvent polarity of methanol, which gives rise to
better solvation, the stability constants of 4-6 with silver ion in
acetonitrile were found to be smaller than those in methanol. A
similar order of the stability constants of cryptand with silver
jon in acetonitrile and methanol was reported,** and is
ascribed to the much stronger ion-solvent interaction of silver
ion with acetonitrile than with methanol.

Table 4 Stability constants, log K, of 4-6 with silver ion in acetoni-
trile at 298 K

UV-Vis absorption '"H NMR
Complex spectrophotometry” spectroscopy”
4 2.6 [4.7] 2.5
5 371571 39
6 3.0 [4.9] 3.1

¢ Values in brackets are log K values obtained in methanol solution.
® In deuterated acetonitrile, errors estimated to be < 2%.
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Fig. 6 'H NMR titration curve showing the perturbation of the
chemical shift of the methylene protons adjacent to the sulfur atom

on the crown ether unit of 6 upon addition of silver trifluoromethane-
sulfante in CD3;CN.

Concluding remarks

A series of rhenium(1) diimine complexes with crown ether
pendants with various cavity sizes and heteroatoms has been
synthesized; the photophysical and electrochemical properties
were studied. The low-energy absorption band at ca. 400 nm is
attributed to a mixed dn(Re) — n*(diimine) MLCT/n(diimine)
— m*(diimine) IL transition, while the solution state emission
band is assigned as derived from dmn(Re) — n*(diimine)
SMLCT exited state. The first reduction and oxidation are
ascribed to diimine ligand-centred reduction and Re(1)) —
Re(n1) oxidation, respectively. The ion-binding properties of
these complexes with various metal ions have also been stu-
died. The UV-visible absorption spectra of the complexes with
oxacrown pendants, 1-3, in methanol solution showed a blue
shift of the absorption band upon addition of alkali and
alkaline earth metal ions. A well-defined isosbestic point in
each spectrum was observed and the stability constants of the
complexes with various metal cations have been determined by
the UV-visible spectroscopic titration studies. Similarly, the
thia- or selenacrown ether containing complexes, 4-6, exhib-
ited a blue shift of the absorption bands in acetonitrile upon
addition of silver ion. However, no such shift was observed
upon addition of alkali and alkaline earth metal cations. Their
stability constants for silver ion have also been determined. A
considerable downfield shift of the methylene protons attached
to the chalcogen atoms has been observed upon addition of
silver ion into the deuterated acetonitrile solution. Apart from
the UV-visible absorption spectroscopy, 'H NMR spectro-
scopy was employed to study the silver ion binding of these
complexes. The stability constants for silver ion observed from
both the UV-visible and '"H NMR experiments were found to
be in good agreement with each other, and similar to those
obtained for other related organic systems.
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