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Abstract

The slow diffusion of 2,3-bis(2-pyridyl)pyrazine (bpp) with Ag(CF,CO,) produces crystalline
product suitable for X-ray crystallography. Crystallographic characterization of the crystal (Cs,Hy,-
FeN;O,Ag,: triclinic PT, a=8.518(5) A, b=9.546(2) A, c=10.632(1) A, o=81.11(1)°, B=87.61(3)°,
v=75.66(3)°, V=827.5(5) Al Z=1, R=0.0431) has provided that the complex is a cyclic dimer
[Ag(bpp)(CF;CO,)],. Each bpp ligand connects two tetrahedral silver(l) ions in a tridentate mode
(Ag-N, 2.26(2)-2.43(2) A), and the trifluoroacetato anion is bonded to each silver(l) atom in a
monodentate fashion (Ag-O, 2.38(1); 2.39(2) A). The skeletal cyclic dimer is stable up to 212°C,
and drastically decomposes around this temperature.
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1. Introduction

A wide range of polypyridyl ligands that can
bridge two or more remote metal centers and that
also contain a delocalized 7 system have received
considerable attention in recent coordination chem-
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istry. Interest in metal complexes of such polypy-
ridyl ligands has been stimulated by the possibility
that desirable molecular materials such as electrical
conductors Y molecular magnets,™” host guest mol-
ecules,*® inorganic- orgamc composites,”” and crys-
tal bending materials'® may be engineered. Modulation
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of structural and physicochemical properties by means
of chemical triggers is of central importance and
topical subject. Among the elegant efforts to
find key factors, the use of a unique multifunctional
ligand is worthy of close attention as a rational syn-
thetic strategy.'” In particular, a simple rotational
process involving an inter-annular C-C bond between
two aromatic rings has been widely used in con-
struction of elaborate metal complexes.”™'® 2,3-Bis
(2-pyridyl)pyrazine (bpp)""” is a potential tetraden-
tate ligand possessing a magic angle, appropriate
chelate sites, and conformational nonrigidity. More-
over, the ligand would not be constrained to a pla-
nar conformation owing to the presence of intrinsic
crowdedness between the two pyridyl groups. In
contrast to rigid polypyridyl systems, systematic
studies on the metal complexes of the bpp ligand
are relatively rare. In this context, it is worth scru-
tinizing their bonding modes and related properties
dependent upon the coordination geometry of its sil-
ver(I) metal complex. First, the bpp is a non-inno-
cent ligand that can form various different bonding
modes. Second, the metal environment provided by
the bpp ligand may serve as a model for structure-
stability or structure-property relationship. Third, deli-
cate tuning of the bonding mode can contribute to
the development of metal complexes that exhibit
desirable properties.

In this paper, we investigate the bonding of the
bpp ligand to Ag(CF,CO,), and describe its struc-
ture and related thermal properties.

2. Experimental Section

Materials and Measurements. Commercially
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available reagent-grade Ag(CF,CO,) was used with-
out further purification. 2,3-Bis(2-pyridyl)pyrazine
(bpp) was prepared according to the procedure of
Goodwin and Lions.'” Infrared spectra were obtained
on a Perkin Elmer 16F PC FTIR spectrophotometer
with samples prepared as KBr pellets. Elemental
analyses (C, H, N) were carried out at the Advanced
Analysis Center at KIST (Korea Institute of Science
and Technology). Thermal analyses were performed
on a Stanton Red Croft TG 100 with a scanning
rate of 10°C/min.

Preparation of [Ag(bpp)(CF;CO,)],. An ace-
tone solution (3 mL) of Ag(CF;CO,) (22 mg, 0.1
mmol) was slowly diffused into a chloroform solu-
tion (3 mL) of bpp (23 mg, 0.1 mmol). Thin yellow
crystals suitable for X-ray crystallography formed at
the interface and were obtained in a week in 80%
yield. Anal. Calcd for C;,H,NF.O,Ag,: C, 42.72;
H, 221; N, 12.31. Found: C, 42.90; H, 2.32; N,
12.30. IR (KBr, cm™): 1686 (s), 1586 (s), 1566 (m),
1481 (m), 1434 (m), 1397 (s), 1213 (s), 1143 (s),
1108 (s), 1038 (s), 993 (m), 839 (w), 794 (s), 749
(m), 724 (m), 664 (w), 629 (m), 570 (m), 415 (m).

X-ray Crystallography. Each crystal was wedged
in a Lindemann capillary with mother solvent. All
the X-ray data were collected on an Enraf-Nonius
CAD4 automatic diffractometer with graphite-mono-
chromated MoKa: (A=0.71073 A) at ambient tem-
perature. Unit cell dimensions were based on 25
well-centered reflections by using a least-squares
procedure. During the data collection, three standard
reflections monitored every hour did not show any
significant intensity variation. All data were col-
lected with the ®/20 scan mode. The data were
corrected for Lorentz and polarization effects. Ab-
sorption effects were corrected by the empirical -
scan method. The structures were solved by the
Patterson method (SHELXS-86), and were refined
by full-matrix least-squares techniques (SHELXL-
97).*> All non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were added at calcu-
lated positions. The crystal parameters and proce-
dural information corresponding to data collection
and structure refinement are given in Table 1, and
positional parameters and thermal ellipsoids are
listed in Table 2.
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Table 1. Crystal data
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and structure refinement for

[Ag(bpp)(CF,CO,)],

Empirical C;,Hy0Ag,FN:O,
Formula weight 910.29
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system, space triclinic, P1
group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

20 range for data
collection

Index ranges
Reflections collected/
unique

Completeness to
20=23.99
Data/restraints/
parameters
Goodness-of-fit on F*

a=8.518(5) A 0=81.11(1) deg.
b=9.546(2) A p=87.61(3) deg.
¢=10.632(1) A 1=75.66(3)
deg.

827.5(5) A°

1, 1.827 mg/m’

1.268 mm™

448

0.30%0.20x0.20 mm

3.88 to 47.98 deg.

0<h<9, -10<k<10, -12<i<12
2338/2338 [R(int)=0.0000]

83.8%
2338/3/469

1.094

Final R indices [I>20(I)] R1=0.0429, wR2=0.1082

R indices (all data)
Largest diff. peak and
hole

R1=0.0434, wR2=0.1091
1.079 and -0.967 e.A™

R1=3|{Fol-IFcll/3|Fol

wR2=Yw(Fo*-Fc**/YwFo")?

3. Results and Discussion

Synthesis.

The reaction of a noninnocent bpp

ligand with Ag(CF,CO,) in appropriate solvents af-
forded a cyclodimeric product of [Ag(bpp)(CF;CO,)],.
The reaction was not significantly affected by the
change of the mole ratio (bpp/silver=1-3) or by the
method of diffusion. Thus, several attempts gave the
same results, indicating that the products are favor-
able species irrespective of the mole ratio and the
method of diffusion. This product is a discrete mol-
ecule as established by the following X-ray crystal
characterization, instead of possible coordination
polymers. It is air- and light-stable crystalline sol-
ids. The [Ag(bpp)(CF;CO,)], is slightly soluble in
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Table 2. Atomic coordinates (x10% Dand equivalent
isotropic displacement parameters (A*x10°) for [Ag
(bpp)CF;COy)],

X y z Uleq)
Ag(l) 3472(1) 8033(1) 449(1) 52(1)
Ag(2)  743(1) 10210(1) 3767(1) 52(1)
N() 462002) 7454(18)  2457(18)  38(4)
N(2) 1680(2) 7089(18)  1821(16)  39(4)
N@) 5170(3) 7849(19)  4910(2) 78(7)
N@)y 11202) 8§436(17)  5421(16)  39(4)
N()  2486(19) 11210(2) 2241(18)  414)
N(6) -430(2)  10760(2) 1651(17)  46(5)
N -993(14) 10367(16)  -780(15)  39(4)
N@®)  3040(2) 9830(2)  -1249(18)  50(5)
O1) -926(17) 12188(13) 4681(15)  48(4)
O(2) -2%40(2) 11130(2) 4510(19)  66(5)
O@3) 5070(2) 6080(2) -339(17)  66(5)
O4)  7070(2) 7150(2) -221(16)  59(4)
F(1) -4944(18) 13590(2) 4780(2)  139(8)
F@2) -3050(2) 14552(17) 5090(3) 172(12)
F(3) -3740(2) 13062(18) 6445(13) 138(5)
F4) 9239(17) 4812(16) -930(2) 143(9)
F(5)  7230(2) 4037(18) -1491(17) 131(8)
F(6) 7881(16)  3760(10) 340(13) 109(4)
C(1)  6090(2) 7840(2) 2692(17)  33(4)
C(2)  6280(2) 8010(2) 3910(2) 55(6)
C(3)  3950(2) 7550(2) 4690(17)  25(4)
C4)  3640(2) 7183(19)  3352(19)  29(4)
C(5)  235002) 6690(2) 3167(19)  34(5)
C(6)  1570(3) 5590(2) 4000(2) 38(5)
C(7 570(3) 5090(3) 3560(2) 54(7)
C(8) -130(3) 5600(3) 2311(18)  63(7)
C(©®) 490(2) 6540(3) 1460(2) 56(6)
C(10) 2660(2) 7530(2) 5717(15)  41(5)
C(11) 3140(3) 6800(3) 6910(2) 47(5)
C(12) . 1800(3) 6650(3) 7780(2) 72(8)
C(13)  290(3) 7620(2) 7498(19)  50(7)
C(14) 50(2) 8441(18)  6420(2) 51(6)
C(15) 2100(2) 11587(19) 1174(19) 26(4)
C(16) 2530(2) 12470(2) 343(18)  37(4)
C(17) 3910(2) 13130(3) 650(2) 46(6)
C(18) 4340(2) 12780(2) 1870(2) 53(6)
C(19) 3660(3) 11770(2) 2610(2) 48(6)
C(20)  710(2) 10890(2) 700(2) 30(4)
C@21)  550(2) 10720(2) -400(2) 46(6)
C(22) -2020(3) 10314(19) 90(2) 51(6)
C(23) -1630(3) 10460(3) 1330(2) 56(6)
C(24) 1630(2) 10660(2) -1480(2) 44(6)
C(25) 1340(3) 11580(2) -2620(2) 42(5)




A114 1Z, 2000

a2 o] g 23-Al22-3 2 D)7 B (Bebe]l EF-2 Zopa gl o] )

Table 2. Continued

X y z Ueq)
C(26) 2380(3) 11450(2) -3565(14) 47(5)
C@27) 3950(3) 10650(3) -3310(2) 61(7)
C(28) 4250(2) 9800(2)  -2083(18) 45(5)
C(29) -2300(2) 12150(2) 4712(17)  40(5)
C(30) -3510(3) 13370(2) 5280(2) 56(6)
C(31) 6570(3) 6170(2) -491(19)  48(6)
C(32) 7720(3) 4690(3) -610(2) 58(6)

U(eq) is defined

as one third of the trace of the

orthogonalized Uij tensor.

polar organic solvents.

Crystal Structure of [Ag(bpp)(CF,CO,),.
reaction of the bpp ligand with Ag(CF;CO,) yielded
a cyclodimer, [Ag(bpp)(CF,CO,)],. The structure is
depicted in Figures 1 and 2 (packing diagram), and

Fig. 1. ORTEP view of [Ag(bpp)(CF;CO,)], showing
refined atoms at the 50% probability level. Hydrogen
atoms are omitted for clarity.
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Fig. 2. Packing diagram of [Ag(bpp)(CF;CO,)],.
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Table 3. Bond lengths [A] and angles [deg] for

[Ag(bpp)(CF,CO,)],

Ag(1)-N(8) 226(2) Ag(1)-N@) 2.312(18)
Ag(1)-N(1) 2.316(19) Ag(1)-0(3) 2.382(17)
Ag(2)-N(4) 2.218(16) Ag(2)-0O(1) 2.378(13)
Ag(2)-N(5) 2.402(18) Ag(2)-N(6) 2.429(18)
N(1)-C4) 1.28(3) N(1)-C@1) 1.43(2)
N@)-C9) 1.35(3) N@)-C(5) 1.52(3)
N@G3)-C(3) 1.19(3) N@3)-C(2) 141(3).
N4)-C(14) 1.37(2) N@)-C(10) 1.40(3)
N(5)-C(15) 1.17(3) N()-C(19) 1.35(3)
N(6)-C(23) 1.20(3) N(6)-C20) 1.39(2)
N(7-C(22) 1.25(3) N(7)-C21) 1.52(2)
N(8)-C(24) 1.28(3) N(8)-C(28) 1.33(2)
O()-C(29) 1.18(2) 0O12)-C(29) 1.27(2)
O(3)-C(31) 1.30(3) O@-C3BID 1.19(3)
F(1)-C(30) 1.30(3) F2)-C(30) 1.27(3)
E(3)-C(30) 1.25(3) F(4)-C(32) 1.35(3)
F(5)-C(32) 1.34(3) F(6)-C(32) 1.23(2)
C(D-CQ2) 1353) C(3)-C(10) 1.51(3)
C(3)-C4) 1.56(2) C@)-C(5) 1.33(3)
C(5)-C(6) 1533) C©)-C() 1.22(3)
C(N)-C(8) 144(3) C(8)-C9) 1.36(3)
C(10)-C(11) 1.37(3) C(11)-C(12) 1.46(3)
C(12)-C(13) 1.39(4)  C(13)-C(14) 1.28(3)
C(15)-C(16) 123(33) C(15)-C(20) 1.62(3)
C(16)-C(17) 1.53(33) C(7)-C(18) 1.33(3)
C(18)-C(19) 1.37(3) C(20)-C(21) 1.22(3)
C(21)-C(24) 1.44(33) C(22)-C(23) 1.40(3)
C(24)-C(25) 1.37(3) C(25)-C(26) 1.31(3)
C(26)-C(27) 1.38(3) C@Q7)-C(28) 1.43(3)
C(29)-C(30) 1.53(3) C(B1-C@32) 1.53(3)
N(8)-Ag(1)-N(2) 131.3(7) N(8)-Ag(1)-N(1) 141.2(6)
N@2)-Ag(1)-N(1) 72.5(6) N(8)-Ag(1)-O(3) 99.6(6).
N(2)-Ag(1)-0(3) 107.5(6) N(1)-Ag(1)-O(3) 100.0(6)
N#4)-Ag(2)-0(1) 101.2(6) N#@)-Ag(2)-N(5) 135.1(6)
O(1)-Ag(2)-N(5) 107.3(6) N(4)-Ag(2)-N(©6) 139.1(6)
O(1)-Ag(2)-N(©6) 99.1(6) N(5)-Ag(2)-N(6) 69.1(6)
C@)-N()-C(1) 122.3(18) C(4)-N(1)-Ag(1) 113‘.9(14)
C(1)-N(1)-Ag(1) 120.8(14) C(9)-N(2)-C(5) 121.4(18)
C(O)-N(2)-Ag(l) 124.8(14) C(5)-N(2)-Ag(1) 1109(13)

C(3)-N(3)-C(2)
C(15)-N(5)-C(19)
C(22)-N(7)-C(21)

C24)-N(®)-Ag(1)
C(29)-0(1)-Ag(2)

119(2)

115(2)

C(14)-N@4)-C(10) 113.5(16)
C(14)-N(@4)-Ag2) 122.3(13) C(10)-N(4)-Ag(2) 121.0(11)
C(15)-N(5)-Ag(2) 120.8(13)
C(19)-N(5)-Ag(2) 121.3(15) C(23)-N(6)-C(20) 115(2)

C(23)-N(6)-Ag(2) 127.3(16) C(20)-N(6)-Ag(2) 112.5(14)
114.8(18) C(24)-N(8)-C(28) 122(2) -
120.8(14) C(28)-N(8)-Ag(1) 116.(16)
111.7(13) C(31)-0(3)-Ag(1) 1064(12)
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Table 3. Continued

C)-C(1)-N(1)  114.7(16) C(1)-C(2)-N(3)  1254(18)
N3)-C(3)-C(10)  119.6(19) N(3)-C(3)-C(4)  121.0(19)
C(10)-C(3)-C(4)  119.4(15) N(1)-C4)-C(5)  123.0(19)
N(-C#)-C3)  116.9(16) C(5)-C(4)-C(3)  120.0(18)
C)-C(5)-N@2)  114.7(19) C4)-C(5)-C(6)  131(2)

N@)-C(5)-C(6)  113.1(16) C(N)-C(6)-C(5)  120(2)

C6)-C(N-CB)  125(2) C(9)-C@®)-C(T)  120.7(18)
C(®)-CO-N©2) 119(2) C(ID-CI0)-N@#) 124.6(17)

C(11)-C(10)-C(3) 118.1(19) N(4)-C(10)-C(3) 116.7(16)
C(10)-C(11)-C(12) 114(2)  C(13)-C(12)-C(A1)117(2)
C(14)-C(13)-C(12) 121(2)  C(13)-C(14)-N(4) 126.5(19)
N(5)-C(15)-C(16) 130.9(19) N(5)-C(15)-C(20) 115.6(18)
C(16)-C(15)-C(20) 113.4(18) C(15)-C(16)-C(17) 118.2(18)
C(18)-C(17)-C(16) 113(2)  C(17)-C(18)-C(19) 117.4(19)
N(-C(19)-C(18) 125(2) CRD-C(0)-N(6) 123.5(19)
C21)-C(20)-C(15) 124.4(19) N(6)-C(20)-C(15) 110.8(16)
CQ0)-C(21)-C(24) 132.6(18) C(20)-C21D-N(7) 119(2)
C4)-C1-N(7) 107.9(18) N(7)-C(22)-C(23) 119.5(18)
N(6)-C(23)-C(22) 127(2) N(8)-C(24)-C(25) 119(2)
N(8)-C(24)-C(21) 114.2(19) C(25)-C(24)-C(21)125(2)
C(26)-C(25)-C(24) 122(2)  C(25)-C(26)-C(27) 118.6(19)
C(26)-C(27)-C(28) 117(2)  N(8)-C(28)-C(27) 119(2)
O(D-C29-0(2) 130(2) O)-C(29-C(30) 117.0(17)
0(2)-C(29)-C(30) 112.3(17) F(3)-C(30)-F(2)  108(2)
F(3)-C(30)-F(1) 104(2) F(2)-C(30)-F(1) 110(2)
F(3)-C(30)-C(29) 113.4(18) F(2)-C(30)-C(29) 111.2(19)
F(1)-C(30)-C(29) 110.5(17) O(4)-C(31)-0(3) 129(2)
O@)-C31)-C(32) 1212) OB)-CE1-C(32) 109.7(19)
F(6)-C(32)-F(4) 105(2) F(6)-C(32)-F(5) 103(2)
F4)-C(32)-F(5) 107(2) FK6)-C(32)-C(31) 116(2)
F(#)-C(32)-C(31) 112.1(19) F(5)-C(32)-C(31) 112.1(18)

selected bond lengths and angles are collected in
Table 3. Each bpp ligand connects two tetrahedral
silver(I) ions both in a monodentate fashion to one
Ag atom (Ag(2)-N(4)=2.22(2) A; Ag(1)-N(8)=2.26(2)
A) and in a bidentate fashion to the second Ag site
(Ag(D-N(1)=2.32(2) A; Ag(1)-N(@2)=2.31(3) A; Ag(2)-
N(5)=2.40(2) A; Ag(2)-N(6)=2.43(2) A). The bridged
tridentate fashion creates a large cycle consisting of
an alternating arrangement of the bpp and silver
atom. Such a tridentate bonding mode seems to be
reasonable for tetrahedral geometric metals. The
bonding mode is similar to that of bipypz in
[CuBz(bipypz)] (bipypz:bis(2,3-(2—pyn'dy1)pyrazine).21)
The pyridine ring of the monodentate site (N(4),
C(10), C(11), C(12), C(13), and C(14)) is not copla-
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Fig. 3. Overlay of TGA and DSC traces of [Ag(bpp)

(CF,CO,)],, each recorded at a heating rate of 10°C
P |
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nar with the pyrazine ring (N(1), C(1), C(2), N(3),
C(3), and C(4)); in fact, the monodentate ring is
twisted by 55.7(6)° with respect to the pyrazine
plane. Within the bidentate group, the dihedral angle
between the pyrazine ring and the pyridine ring
(N(2), C(5), C(6), C(T), C(8), and C(9)) is 34.9(9)".
The small bite angles of the bpp (N(1)-Ag(1)-N(2)
=72.3(6)°; N(5)-Ag(2)-N(6)=69.4(6)") deviate the tetra-
hedral geometry of the silver(I) center. The trifluo-
roacetato anion is bonded to each silver(I) ion as a
fourth ligand in a monodentate (2.44(2), 2.49(2) A).
The packing diagram indicates that the crystal is
consisted of discrete cyclodimeric molecules.

Thermal Properties. The TGA (thermogravi-
metric analysis) and DSC (differential scanning cal-
orimeter) traces of [Ag(bpp)(CF;CO,)], are depicted
in Figure 3. The TGA curve shows that the com-
pound is stable up to 212°C. Two steps weight loss
at 212-230°C: a weight loss corresponding to the
CF,CO, group (eq 1), and followed by the dissoci-
ation of the bpp (eq 2).

[Ag(bpp)(CF,CO,)l, — [Ag(bpp)],+2CF;,CO, (1)
[Ag(bpp)]l, — 2Ag or Ag,0O+2bpp 2

The thermal stability of the compound may be in
part attributed to the interligand face-to-face intet-
action (ca. 3.7-4.0 A) within the cyclic dimer. The
IR bands of the sample are consistent with the func-
tional groups of the structure. In particular, v(CF,CO,)
band strongly appears at 1686 cm ', which is expli-
cable for the monodentate bonding mode.
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In conclusion, the bpp ligand is bonded to the
Ag(I) metal center in a bridged tridentate mode,
resulting in a discrete cyclodimeric molecule. The
specific geometry of the central metal ion is an
important factor for tuning the bonding mode and
the conformation around the inter-anmular C-C bond.
Our results along with thermal analyses may be
applied to design and construct rationally the elab-
orate structures that exhibit desirable properties.
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