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Two novel 1-D chain complexes of a formal iminomethyl nitroxide radical [M(tpyimo),],[Au(CN),],
(M =Ni, Zn for 1 and 2, typimo =4,5-dihydro-4,4,5,5-tetramethyl-2-(pyridin-2-yl)-1 H-imidazol-1-yloxy), were
synthesized and structurally characterized. Both 1-D chains consist of two kinds of chair-conformation rings,
which include six metal atoms [M,Au,] (M= Ni, Zn), and are connected to each other alternately through auro-
philic interactions. On the other hand, [Au(CN); ], oligomers are also formed through aurophilic interactions,
and used as bridges in the 1-D chains. The magnetic coupling between the Ni" ion and the tpyimo radical in
1is a strong ferromagnetic interaction. Strong ligand-centered luminescence is observed at room temperature
for both complexes.

Introduction. — The design of multidimensional supramolecular assemblies is an
area of intense current interests [1-3]. This is due not only to their potential applica-
tions in electrical conductivity, molecule-based magnets, molecular absorption, ion
exchange, heterogeneous catalysis, etc., but also to their intriguing structural diversity
[4-11]. Gold(I) has stimulated great interest for its tendency to aggregate through
closed shell ‘aurophilic’ interaction and the consequent luminescence properties
[12-16]. The supramolecular chemistry is replete with these polymeric systems of
Au' by virtue of the Au—Au interactions. [Au(CN),] " aggregates under a variety of con-
ditions in its compounds, and most of them display fascinating spectroscopic properties
[17-23]. Their luminescence properties are attributed to aurophilic interaction in these
studies.

On the other hand, nitroxide radicals are useful paramagnetic building blocks,
which offer opportunities to design multidimensional and multispin systems. They
have been used to design many new functional complexes associated with a variety
of structural topology and particular physical properties [24-34].

However, the studies dealing with both Au' and nitroxide radicals are rather limited
[35]. Taking advantage of both the Au' compounds and nitroxide-radical ligands, we
now present two (iminomethyl nitroxide)metal complexes 1 and 2 with [Au(CN),]”
as coligands, the iminomethyl nitroxide being 4,5-dihydro-4,4,5,5-tetramethyl-2-(pyr-
idin-2-yl)-1H-imidazol-1-yloxy (tpyimo). Both complexes are 1-D chain complexes
with a particular structure, in which the chain is constructed of hexametal rings with
aurophilic interactions. Their interesting magnetic and luminescence properties were
also studied.
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Result and Discussion. — Crystal Structures. The crystallization of complexes 1 and 2
from MeOH/H,0O gave single crystals with the formula [M(tpyimo),],[Au(CN),],-
6 HO-0.75MeOH as a crystallographic repeating unit. Both crystals are solvates and
contain H,O molecules and MeOH molecules. They crystallize in an isomorphous mon-
oclinic space group P2,/c with Z=4 (see Table I for crystal data and details of the struc-
ture determinations). Selected bond lengths and angles are listed in 7able 2 for 1 and in
Table 3 for 2. Disorders and/or thermal motions were observed for partial cyanide
groups (C(7)—N(7)) and solvent H,O and MeOH molecules. The structure of [Ni(t-
pyimo),],[Au(CN),], unit of 1 is shown in Fig. I. There are two independent central
Ni" ions, Ni(1) and Ni(2), in one unit. The coordination geometry around the two
Ni" ions are similar, which both are distorted octahedrons (NiNg) and can be described
as cis(CN)-trans(py) isomers with slightly different bond parameters. The tpyimo coor-
dinates to one Ni" ion via the pyridinyl and imino N-atoms to form a planar five-mem-
ber chelate ring as found in [MCl,(tpyimo),] (M =Mn, Co, Ni, Zn) [36]. The chelate
ring is almost coplanar not only to the pyridinyl ring but also to the iminomethyl nitro-
xide moiety. Two [Au(CN),] ™ anions are linked to the [Ni(tpyimo),]*" unit in ‘cis’-con-
figuration. The crystal structures consist of infinite 1-D zigzag polymeric chains of
[Ni(tpyimo),],[Au(CN),], with [Au(CN),], oligomers as bridges (Fig.2). Each
[Au(CN), ], oligomer (Au(3)—Au(l)—Au(2)—Au(4)) is composed of four Au(CN),
anions through aurophilic interactions (the Au—Au distances, 3.260(2) to 3.339(1) A,
are much shorter than the sum of the van der Waals radii of Au, 3.60 A). In every
[Au(CN),]™ anion, one CN™ group is used as a bridging ligand between the Ni'' and
Au' ion, another is a terminal ligand of the Au' ion, which is consistent with the IR
results. The overall framework of the 1D zig-zag chain consists of two kinds of inde-
pendent chair-conformation hexametal rings (Fig. 2), which are connected to each
other alternately through aurophilic interactions (Au(1)—Au(2)). The shortest inter-
molecular N—O -+ O—N contacts of 3.227 A occur between interchain-uncoordinated
nitroxide groups of tpyimo. The structure characteristics of 2 are very similar to that
of 1, except for slight differences in the crystal data and bond parameters. Noteworthly,
aurophilic interactions facilitate the formation of [Au(CN); ], oligomer bridges and 1-D
zig-zag chains in both complexes.

IR Spectra. Both complexes 1 and 2 show two sharp ¥ bands at ca. 2150 and 2184
cm™', which can be attributed to the C=N stretching vibration. The splitting of
7(CN) indicates the presence of two different coordination modes (terminal and bridg-
ing) of the CN~ ligands. It is well known that the formation of a CN™ bridge shifts #(CN)
toward higher frequencies [37-40]. The strong band at 2184 cm ™' may, therefore, be
attributed to #(CN) of the bridging CN~ and that at 2150 cm™ to the terminal ones.
The characteristic #(NO) vibration of tpyimo appears at 1373 cm ™.

Magnetic Properties. The plots of yyT vs. Tand y,; vs. T for complex 1 is shown in
Fig. 3. The y is the magnetic susceptibility per [Ni(tpyimo),][Au(CN),], unit. Consid-
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Table 1. Crystal Data and Details of Structural Determination of Complexes 1 and 2

1 2
Empirical formula Cs75H70AuNL N O175 Cs615H70Au,Z0,N» 01075
M, 2118.69 2132.01
Crystal system monoclinic monoclinic
Space group P2/c P2/c
a[A] 22.211(9) 22.265(6)
b[A] 17.457(7) 17.506(5)
c[A] 19.726(8) 19.738(5)
BI°] 93.862(7) 93.671(5)
V [A7] 7631(5) 7678(4)
zZ 4 4
u(MoKa) [mm™] 8.207 8.292
F(000) 4070 4086
0 Range [°] 0.92 to 25.01 0.92 to 26.43
Limiting indices —26<h<26, -20<k<18, —19<1<23 —24<h<27, -21<k<19, -24<I1<22
Total reflections 38948 36002
Unique reflections 13449 15667
R(int) 0.1276 0.1179
Data, restraints, parameters 13449, 350, 944 15667, 332, 936
Final R indices (I>20(I)) 0.0764, 0.1412 0.0730, 0.1354
R indices (all data) 0.2101, 0.1966 0.2201, 0.1871
Goodness-of-fit on F* 1.035 0.980
Largest diff. peak and hole 2.267, —1.885 1.826, —1.842
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Fig. 1. Perspective drawing of the [Ni(tpyimo),],[Au(CN),], repeat unit of 1 with 30% thermal ellipsoids. The
Me groups of tpyimo are omitted for clarity.
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Table 2. Selected Bond Lengths [A] and Angles [] of 1

Au(1)-C(1) 2.03(2) Au(1)-C(2) 1.97(2)
Au(2)-C(3) 1.98(2) Au(2)-C(4) 1.94(2)
Au(3)-C(5) 1.98(2) Au(3)-C(6) 1.90(4)
Au(4)-C(7) 2.006(9) Au(4)-C(8) 1.93(2)
Ni(1)-N(5)#12) 2.05(2) Ni(1)-N(1) 2.07(2)
Ni(1)-N(12) 2.09(2) Ni(1)-N(9) 2.096(2)
Ni(1)-N(13) 2.102) Ni(1)-N(10) 2.14(2)
Ni(2)-N(4) 2.04(2) Ni(2)-N(8)#2 2.05(2)
Ni(2)-N(18) 2.11(1) Ni(2)-N(15) 2.12(1)
Ni(2)-N(16) 2.12(2) Ni(2)-N(19) 2.13(1)
Au(1)-Au(3) 3.264(2) Au(1)-Au(2) 3339(1)
Au(2)-Au(4) 3.260(2)

C(2)-Au(1)-C(1) 177.0(8) Au(3)-Au(1)-Au(2) 148.64(4)
C(4)-Au(2)-C(3) 176.9(8) Au(4)-Au(2)-Au(1) 160.71(4)
C(6)-Au(3)-C(5) 178(1) C(8)-Au(4)—C(7) 170(2)
N(5)#1-Ni(1)-N(13)%) 171.0(7) N(1)-Ni(1)-N(10) 169.6(6)
N(12)-Ni(1)-N(9) 177.3(7) N(5)#1-Ni(1)-N(9)?) 87.4(6)
N(5)#1-Ni(1)-N(10)?) 91.5(6) N(5)#1-Ni(1)-N(1)?) 92.3(6)
N(5)#1-Ni(1)-N(12)?) 92.6(6) N(13)-Ni(1)-N(9) 101.6(7)
N(13)-Ni(1)-N(10) 91.2(6) N(13)-Ni(1)-N(1) 86.5(6)
N(13)-Ni(1)-N(12) 78.4(6) N(1)-Ni(1)-N(9) 92.8(6)
N(9)-Ni(1)-N(10) 77.7(7) N(1)-Ni(1)-N(12) 89.9(6)
N(12)-Ni(1)-N(10) 99.6(6) N(8)#2-Ni(2)-N(16)) 168.6(6)
N(18)-Ni(2)-N(15) 175.2(6) N(4)-Ni(2)-N(19) 169.6(6)
N(8)#2-Ni(2)-N(4)?) 91.7(6) N(8)#2-Ni(2)-N(18)2) 93.0(6)
N(8)#2-Ni(2)-N(15)) 91.6(6) N(8)#2-Ni(2)-N(19)?) 88.8(6)
N(16)-Ni(2)-N(4) 90.1(6) N(16)-Ni(2)-N(18) 98.2(6)
N(16)-Ni(2)-N(15) 77.2(6) N(16)-Ni(2)-N(19) 91.4(6)
N(4)-Ni(2)-N(18) 91.1(6) N(4)-Ni(2)-N(15) 90.1(5)
N(18)-Ni(2)-N(19) 78.5(6) N(15)-Ni(2)-N(19) 100.3(6)

4)  Symmetry transformations used to generate equivalent atoms: #l=-x+2,—y,—z+1 and
#=—x+1,—y—z+1.

ering the structural characteristics, two independent Ni(typimo), moieties were well
isolated in the asymmetric [Ni(tpyimo),],[Au(CN),], unit. So the magnetic data were
interpreted considering only isolated Ni(tpyimo), units involving one Ni" ion.

The y\T value for 1 first increases from 2.67 cm® K mol™' at room temperature to
3.06 cm® K mol ™" at 65 K, and then decreases sharply to 2.45 cm® K mol™" at 2 K. The
xm T value at room temperature is much higher than that expected for independent
spins (1.75 cm® K mol™" for one Sy;=1 and two Sg,y=1/2), and the maximum value
of yuT at 65K is close to that expected for S=2 independent spins (3.00 cm® K
mol™"). These magnetic behaviors suggest ferromagnetic couplings between Ni" and
tpyimo. To evaluate the exchange coupling constant in such a system, it was treated
as a simplified three-spin model Rad-Ni"-Rad with the Hamiltonian H=—2J(Sy;
Sradl + S'Ni S‘mdz). The magnetic susceptibility expression is given by Egn. 1 with exchange
coupling constant (2J) between Ni" and the tpyimo ligand. For the sharp decrease of
the yy7T value at low temperature, a molecular field approximation was included
with the three-spin model.
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Table 3. Selected Bond Lengths [A] and Angles [°] of 2
Au(1)-C(1) 1.97(2) Au(1)-C(2) 1.91(2)
Au(2)-C(3) 1.98(2) Au(2)-C(4) 1.96(2)
Au(3)-C(5) 1.97(2) Au(3)-C(6) 1.95(3)
Au(4)-C(7) 2.006(9) Au(4)—C(8) 1.99(2)
Zn(1)-N(5)#1%) 2.14(2) Zn(1)-N(1) 2.13(2)
Zn(1)-N(12) 2.18(1) Zn(1)-N(9) 2.13(1)
Zn(1)-N(13) 2.20(1) Zn(1)-N(10) 2.24(1)
Zn(2)-N(4) 2.11(1) Zn(2)-N(8)#22) 2.10(2)
Zn(2)-N(18) 2.18(1) Zn(2)-N(15) 2.19(1)
Zn(2)-N(16) 221(1) Zn(2)-N(19) 2.19(1)
Au(1)-Au(3) 3.283(1) Au(1)-Au(2) 3.293(1)
Au(2)-Au(4) 3.230(1)
C(2)-Au(1)-C(1) 175.6(7) Au(3)-Au(1)-Au(2) 146.55(3)
C(4)-Au(2)-C(3) 177.1(7) Au(4)-Au(2)-Au(1) 159.12(3)
C(6)-Au(3)-C(5) 179(1) C(8)—Au(4)-C(7) 169(2)
N(5)#1-Zn(1)-N(13)?) 166.8(5) N(1)-Zn(1)-N(10) 167.0(5)
N(12)—Zn(1)-N(9) 173.9(5) N(5)#1-Zn(1)-N(9)*) 90.2(5)
N(5)#1—Zn(1)-N(10)?) 93.4(5) N(5)#1—Zn(1)-N(1)?) 92.8(5)
N(5)#1-Zn(1)-N(12)?) 91.8(5) N(13)-Zn(1)-N(9) 103.0(5)
N(13)—Zn(1)-N(10) 90.5(5) N(13)-Zn(1)-N(1) 86.0(5)
N(13)-Zn(1)-N(12) 75.2(5) N(1)-Zn(1)-N(9) 92.7(6)
N(9)-Zn(1)-N(10) 75.9(6) N(1)-Zn(1)-N(12) 93.0(5)
N(12)—Zn(1)-N(10) 98.2(5) N(8)#2—Zn(2)-N(16)?) 166.0(5)
N(18)—Zn(2)-N(15) 171.9(5) N(4)-Zn(2)-N(19) 165.2(5)
N(8)#2—Zn(2)-N(4)?) 93.3(6) N(8)#2—Zn(2)-N(18)?) 95.8(5)
N(8)#2—Zn(2)-N(15)?) 91.4(6) N(8)#2—Zn(2)-N(19)?) 88.8(5)
N(16)—Zn(2)-N(4) 90.8(5) N(16)—Zn(2)-N(18) 97.6(5)
N(16)-Zn(2)-N(15) 75.0(5) N(16)-Zn(2)-N(19) 90.6(5)
N(4)—Zn(2)-N(18) 90.1(5) N(4)-Zn(2)-N(15) 93.2(5)
N(18)—Zn(2)-N(19) 75.1(5) N(15)-Zn(2)-N(19) 101.4(5)

2) Symmetry transformations used to generate equivalent atoms: #1=—x+2, —y, —z+1 and #2=—x+1, —y,

—z+1.

_2NB AA
Xui = KT ﬁ

=il [1 — % 220 INg* )]

AA = g3, + 581, exp (41 /KT)+g}, exp (2 /KT)
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Fig. 2. a) One-dimensional zig-zag chains of complex 1 (the Me groups are omitted for clarity). b) Frame-
work of the 1D zig-zag chains of complex 1

Assuming g =2.00 for complex 1, the least-squares analysis of the magnetic sus-
ceptibility data (7-300K) led to gy=2.15, J=61.8cm !, zJ'’=—034cm', and
R=3[(m)obs — On)carc] 7= [(m)ons] = 7.87 - 10*. Since one asymmetric repeat unit con-
tains two independent Ni(tpyimo), moieties, the coupling constant is the average of
the actual interaction between Ni" and tpyimo in the two fragments. From the results,
fairly large Ni"'—tpyimo ferromagnetic interactions are observed in the present system.
The strong ferromagnetic interaction is consistent with that of reported (iminomethyl
nitroxide)nickel(IT) complexes [36][41][42]. The ferromagnetic interaction between
nickel™ and the iminomethyl nitroxide radical can be explained by orbital-symmetry
arguments [43]. The magnetic orbital of the iminomethyl nitroxide radical has sz sym-
metry with its axis lying perpendicular to the O—N—C—N plane. The spins of Ni" reside
ind,. and d,._., both of which have o symmetry. Thus, all magnetic orbitals are orthog-
onal, which is predicted to produce ferromagnetic spin coupling. The weak intermolec-
ular antiferromagnetic interaction (zJ') is consistent with the short intermolecular con-
tact of uncoordinated NO groups in tpyimo ligands.

Spectroscopic Properties. The absorption spectra of complexes 1 and 2 in MeCN are
shown in Fig. 4,a. Compared with lanthanide/radical complexes [Ln(hfac);(tpyimo)]
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Fig. 3. Plots of x,T(O) and yx,/(+) vs. T for complex 1. The solid line corresponds to the best theoretical
fits.

(Ln=Sm, Yb; Hhfac=1,1,1,5,5,5-hexafluoropentane-2,4-dione) [34], the profile of the
absorption spectra of 1 and 2 are very similar in the region from 410 to 530 nm, consist-
ing of four peaks. Only a slight shift to higher frequency is observed for 2 as compared
to 1. Comparison with the intraligand n-7* transition of tpyimo in the corresponding
region suggests to assign, the absorption bands of 1 and 2 to the intraligand n-7* tran-
sition, although the molar absorption coefficients for the complexes are significantly
enhanced by a factor of ca. 10—70. This considerable increase of absorption intensities
upon coordination indicates a strong interaction between tpyimo and the central metal
ion.

All solid-state luminescence measurements were performed under identical condi-
tions and instrumental parameters. Crystals of both complexes 1 and 2 show lumines-
cence with an excitation at 260 nm at room temperature (Fig. 4,b). The profiles of
the emission spectra of 1 and 2 are very similar, with four well-resolved bands around
490, 545, 590, and 613 nm, the band around 545 nm being the most intense. Comparison
of the emission spectra of ligand tpyimo with those of the complexes 1 and 2 reveals no
distinct change in the profiles, indicating that the luminescence spectra of 1 and 2 cor-
respond to ligand-centered transitions. However, the emission intensity of 1 and 2 is
increased with respect to that of tpyimo by a factor of ca. 20 for 2 and of ca. 2 for 1.
The cooperative effect of the bridging by the [Au(CN), ], oligomer and the M—
(tpyimo) coordination gives rise to a large enhancement of the tpyimo emission in
both complexes.

The luminescent properties of Au' complexes have attracted a considerable amount
of attention, and the luminescence has been attributed to the presence of aurophilic
interactions [17-23]. Although aurophilic interactions play a key role in the formation
of the two complexes 1 and 2, no luminescence resulting from aurophilic interactions is
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Fig. 4. a) UV/VIS Absorption spectra of 1(-+) and 2(—) in MeCN. b) Solid-state excitation spectra (left, Ay,
545 nm) and emission spectra (right, A., 260 nm) of 2 at room temperature

observed. Previous studies have shown that the luminescent energy level of the
[Au(CN);], oligomer lies in the region from 420 to 440 nm [18]. Because the n-7*
absorption band envelope for the tpyimo ligand (410-530 nm) [34] overlaps with the
luminescent energy level of the [Au(CN); |, oligomer, an efficient energy-transfer pro-
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cess from the excited state of [Au(CN); ], to tpyimo in the complexes is responsible for
the complete quenching of the [Au(CN), ], emissions, as shown in Fig. 5. Similar
excited-state energy-transfer process has been observed previously in a Eu[Au(CN),];
system [17].

30
n- ¥
20
10 -
ground state
0L

tpyimo [Au(CN), 14

Fig. 5. Energy level diagram of the ligand tpyimo and the [Au(CN); ], oligomer

Conclusion. — We prepared two novel 1-D chain complexes of an iminomethyl
nitroxide radical with particular structures. The 1-D chain consists of two kinds of
chair-conformation hexametal rings, in which the rings are connected to each other
alternately through aurophilic interactions. On the other hand, [Au(CN), |, oligomers
are also formed through aurophilic interactions, and used as bridges in the 1-D chains.
So the aurophilic interactions are replete with the overall structures of the complexes.
The magnetic coupling between Ni" and the tpyimo ligand in 1 is a strong ferromag-
netic interaction. Strong ligand-centered luminescence is observed at room tempera-
ture in both complexes.

This project was supported by the National Science Foundation of China (No. 20331010) and the Tianjin
Natural Science Foundation (No. 033602011).

Experimental Part

General. All chemicals were reagent grade and used without purification. Elemental analyses: Perkin-
Elmer 240 elemental analyzer. IR Spectra: Bruker Tensor-27 FT-IR spectrometer; in the 4000—-400 cm ™' region;
KBr pellets; in cm ™. Variable-temperature susceptibility measurements: Squid-MPMS-XL7 magnetometer;
temp. range 2.0-300 K at a magnetic field of 2,000 G; molar susceptibility correction from the sample holder
and diamagnetic contributions of all constituent atoms by using Pascal’s constants: F-4500 spectrophotometer;
atr.t.

4,5-Dihydro-4,4,5,5-tetramethyl-2- (pyridin-2-yl)-1H-imidazol-1-yloxy (tpyimo). The ligand tpyimo was pre-
pared according to [44].

Bis[u-(cyano-kC:xN)tetrakis[4,5-dihydro-4,4,5,5-tetramethyl-2- (pyridin-2-yl-kN)-1H-imidazol-1-yloxy-kN°]-
[hexakis(cyano-kC)tetragold(3Au—Au)]dinickel (1) and Bis{bis[4,5-dihydro-4,4,5,5-tetramethyl-2-(pyridin-2-yl-
kN)-IH-imidazol-1-yloxy-kN*]zinc}bis[u-(cyano-kC:xN) Jhexakis(cyano-xC)tetragold(3Au—Au) (2): Caution:
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Cyanide salts are toxic and should be handled carefully! To a soln. of M(CIO,),-6H,0 (M=Ni, Zn)
(0.1 mmol) and tpyimo (0.2 mmol) in MeOH (10 ml), aq. K[Au(CN),] soln. (0.2 mmol, 5 ml) was added
dropwise with stirring at r.t. After 4 h stirring, the mixture was filtered. Deep red single crystals suitable for
X-ray structure analysis were grown at 279 K by the slow evaporation of the filtrate: The formulas
[M(tpyimo),],[Au(CN),],-6 H,0-0.75MeOH were supported by elemental analysis (C, H, N). Anal. calc. for
Cs67sH70AuNyNi,Oqg75 (1): C 32.17; H 3.76, N 13.22; found: C 32.20, H 3.79, N 13.18. Anal. calc. for
Cs75H70Au,N,O175Zn, (2): C 31.97, H 3.74, N 13.14; found: C 31.97, H 3.67, N 13.14.

X-Ray Crystallography. Crystals of dimensions 0.22x0.18 x0.12 mm for complex 1 and 0.38x0.20x0.16
mm for complex 2 were mounted on a Bruker Smart-1000 area detector (Mo-Ka radiation, ¢—w scans) at
293(2) K. The empirical absorption corrections by SADABS were carried out. The structures were solved by
direct methods and successive Fourier difference syntheses (SHELXS-97) [45] and refined by full-matrix
least-squares procedure on F* with anisotropic thermal parameters for all non-H-atoms (SHELXL-97) [46].
The H atoms were located by geometry and assigned with common isotropic displacement factors and included
in the final refinement by using geometrical restraints. H,O and MeOH molecules were located from the differ-
ence Fourier map, whereas H-atoms of H,O were not located from difference map and were omitted in the
refinement. The thermal parameter indicates that the MeOH molecule is only partially occupied. The C(7)—
N(7) of a [Au(CN),]~ anion is disordered in two positions, and the C—N distance was restrained to 1.1 A
with the occupancy factor of 0.41(4)/0.59(4) for 1 and 0.66(5)/0.34(5) for 2. The disorder in the imidazole
rings of the nitroxide ligands is not simply thermal motion but disorder caused by reverse puckering of the imi-
dazole rings. Crystal data and details of structural determination refinement are summarized in Table 1. CCDC-
226021 and CCDC-226020 contain the supplementary crystallographic data for 1 and 2, respectively. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/
data_request/cif.
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