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The new ligand dipyrazinyl sulfoxide (also named sulfinyldipyrazine and abbreviated as pyz,SO) and a series of
its metal complexes including {[Ag(pyzeSO)](NO3)-CHsCN}.. (1), {[Ad(pyzoSO)](PFe)}.. (2), [Aga(pyzoSO),-
(ClOs)s). (3), [Ag(pyz2SO)(CF5CO,).. (4), {[Zn(pyz2SO)(H20)4](NO3)2-H20}.. (5), {[Zn(pyz2SO)(H20)]-
(ClO4)5}.. (6), and {[Cd(pyz2S0)2(H-0)](CIO,),-Ho0} .., (7) have been synthesized and characterized by single-
crystal X-ray analysis. The counteranions in these complexes prefer to be embraced by a pair of ;z-acidic heterocyclic
rings via anion—r interactions, which consequently affect the process of supramolecular assembly. Seven distinct
ligation modes of pyz,SO involving various bonding combinations of the sulfoxide oxygen and/or pyrazinyl nitrogen
atoms (labeled A—G) are observed. Diverse coordination motifs such as (4,4) network, ladder-type, necklace-like,
linear, and zigzag-chain structures are found in 1—7. Interestingly, the sulfoxide group of the pyz,SO ligand exhibits

unusual dipolar sulfinyl- - -sulfinyl and S=0- -
assemblies of neat pyz,SO, 1, and 3—5.

-zt(pyrazinyl) intermolecular interactions in the supramolecular

Introduction

The study of metal complexes bearing sulfoxide ligands has
undergone phenomenal development since the early 1960s.!
By virtue of its coordination sites at the sulfur and/or oxygen
atoms, the C—S(0)—C fragment (with C; local symmetry) in
various symmetrical and unsymmetrical dialkyl sulfoxide
ligands exhibits diverse coordination geometries in accor-
dance with different electronic and steric demands.>* Recent
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interest in chiral sulfoxide ligands stemmed from stereochem-
ical consequences arising from the configuration of the R—S*-
(0)—R’ group.* A wide range of such studies focused on their
biological activity®®° and synthetic applications in asym-
metric synthesis,* 9 as well as their behavior as intermediates
in homogeneous catalytic processes™ * or versatile precur-
sors in inorganic synthesis.” However, the use of sulfoxide as
an efficient ligand to construct coordination networks re-
mains almost unexplored. So far several well-characterized
complexes of diphenyl sulfoxide (L) have been reported, such
as HgCly(L),” [Et,N][PtCl5(L)],* and K[PtCl5(L)]- Me,CO.’
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Scheme 1. Ligation Modes of Dipyrazinyl Sulfoxide (pyz,SO) in This
Study

i i
I
M M
M\Nﬁ/S%N/ \Nq/ N¢\'( \(\N/
| K/ ° \)
g/N\M/NQ S N\M/N\ K/N\ NJ
A B C
o}
i s
T N S \|/A‘N NI N
o]
§/N NQ &/N\\ /NQ K/N\M/ Ny
D E F
M
Nﬁ/?\% ~
o} |
g/N\/ NQ
M

G

In the present context, we report the ligand behavior of a
new diheterocyclic sulfoxide ligand that contains a pair of
pyrazinyl rings, namely, sulfinyldipyrazine or dipyrazinyl
sulfoxide (pyz,SO), wherein one or both nitrogen ligation
site(s) at each heteroaromatic ring may exhibit diverse
coordination modes to generate supramolecular networks.
Furthermore, the s-acidic pyrazinyl rings could in principle
engage in anion—s(pyrazinyl) interaction'® for supramole-
cular assembly. We herein report the synthesis of the multi-
dentate N,0-ligand pyz,SO and a series of its group 11 and 12
metal complexes, namely, {[Ag(pyz,SO)](NOs)-CH;CN}..
(1), {[Ag(pyzoSO)I(PFg)}.. (2), [Ag3(pyz2SO)x(ClOs)5] (),
[Ag(pyzoSO)(CF5CO,)L. (4), {[Zn(pyz,SO)(H20)4](NO3), -
H>0}.. (5), {[Zn(pyzSO)(H0):](ClO4)>}.. (6), and {[Cd-
(pyz2S0),(H,0)](ClOy), - H,0}.. (7), which were character-
ized by X-ray diffraction, IR spectroscopy, and elemental
analysis. Through the subtle tuning of anions and metal ions,
pyz2SO has been shown to exhibit versatile ligation modes
(A—G, Scheme 1), thus leading to diverse extended structural
motifs. Consequently, several high-dimensional supramole-
cular architectures stabilized by sulfinyl- - - (pyrazinyl) and
anion- - -;(pyrazinyl) interactions, as well as interesting
dipolar sulfinyl- - - sulfinyl interaction, have been obtained.

Experimental Section

Materials and Methods. All organic reagents were purchased
from Aldrich and used without further purification. The silver-
(I) salts, Zn(NOj3),-6H,0O, Zn(ClOy4),-6H-O, and Cd-
(ClOy4),-6H,0O were obtained from commercial sources.
Elemental analyses of C, H, and N were performed by the
MEDAC Ltd. Brunel Science Centre, United Kingdom. IR
spectra were recorded by a Nicolet Impact 420 FT-IR spectro-
meter using KBr pellets. "H NMR spectra were taken with a 300
MHz Bruker spectrometer.
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Caution! In view of the explosive nature of perchlorate com-
plexes, small amounts of them should be used and handed with
extreme care.

Synthesis of Dipyrazinyl Sulfoxide (pyz,SO). A solution of 3-
chlorobenzoperoxoic acid (72% m-CPMA, 748 mg, 3.22 mmol)
in 15 mL of CH,Cl, was added to a 10 mL CH,Cl, solution of
bis-2-pyrazinylsulfide (624 mg, 3.28 mmol) cooled to 0 °C. After
stirring for 1.5 h at 0 °C, the organic phase was treated with 40
mL of saturated Na,S,Oj solution, saturated NaHCOj solution
(40 mL), and brine (20 mL) and dried over MgSOy. The
combined organic extract was concentrated to give a white solid.
The product was further purified by column chromatography
on silica gel using ethyl acetate/CH,Cl, (3:2) as eluent. Dipyra-
zinyl sulfoxide (pyz,SO) was obtained as a white powder (439
mg). Yield: 65%, mp 117—121°C. "H NMR (300 MHz, CDCl,):
09.42 (s, 2H), 8.77—-8.78 (d, J = 3 Hz, 2H), 8.55-8.57(d,J = 6
Hz, 2H). Anal. Calcd (Found) for CgHgN4SO: C, 46.59 (46.61);
H, 2.93 (3.14); N, 27.16 (27.05). IR (KBr) v/cm": 1066 (vs),
1021(s), (S=0).

Synthesis of {[Ag(pyz,SO)](NO3)- CH5CN}.. (1). Dipyrazinyl
sulfoxide (21 mg, 0.1 mmol) and AgNO5 (17 mg, 0.1 mmol) were
dissolved in a mixed solvent of 2 mL of methanol and 2 mL of
acetonitrile with stirring at room temperature. The colorless
solution was filtered and then left to stand in air. After five days,
colorless block-like crystals of 1 were deposited. Yield: 25.8 mg
(62%). Anal. Calcd (Found) for C;gHoNgO4SAg: C, 28.79
(28.55); H, 2.17 (2.56); N, 20.15 (19.88). IR (KBr) v/ecm "
3074(w), 2374(m), 1390(vs), 1405(w), 1164(w), 1060 (vs),
1010(s), 873(w), 833(w), 756(w), 620(w), 555(m).

Synthesis of {[Ag(pyz,SO)|(PF¢)}.. (2). Dipyrazinyl sulfoxide
(21 mg, 0.1 mmol) and AgPFg (26 mg, 0.1 mmol) were dissolved
in a mixed solvent of 2 mL of methanol and 2 mL of acetonitrile
with stirring. After filtration, the clear solution was allowed
to stand in air for a few days to give yellow crystals of 2. Yield:
27.5 mg (60%). Anal. Calcd (Found) for CsHsN4OFsSPAg:
C, 20.98 (21.40); H, 1.32 (1.30); N, 12.20 (12.04). IR (KBr)
vjem ™' 3067(w), 2374(m), 1461(w), 1403 (m), 1170(w), 1060(s),
1028(s), 853(vs), 555(m), 490(w).

Synthesis of [Ag3(pyz2S0),(ClOy)5).. (3). Yellow block-like
crystals of 3 were obtained using the same method as for 1 and 2.
Dipyrazinyl sulfoxide (21 mg, 0.1 mmol), AgClO4-nH,O
(30 mg). Yield: 28.3 mg (55%). Anal. Calcd (Found) for
C16H12NgO14S,Cl3Ags: C, 18.58 (18.34); H, 1.17 (1.26); N,
10.86 (10.57). IR (KBr) v/em™": 1445(w), 1397(m), 1099(vs),
1019(m), 859(w), 762(w), 630(m), 561(w).

Synthesis of [Ag(pyz,SO)(CF;CO,)].. (4). Colorless block-
like crystals of 4 were deposited using the same method as for 1
after a few days. Dipyrazinyl sulfoxide (21 mg, 0.1 mmol),
AgCF;CO, (22 mg, 0.1 mmol). Yield: 21.9 mg (51%). Anal.
Calced (Found) for C1gHgN4O3F3SAg: C, 28.12 (27.94); H, 1.42
(1.50); N, 13.11 (13.04). IR (KBr) v/em ': 1694(vs), 1468(m),
1397(m), 1209(vs), 1131(vs), 1060(m), 1021(m), 840(m), 807(m),
723(m), 626(w), 548(w), 477(m).

Synthesis of {[Zn(pyz,SO)(H,0)4(NO3),-H,0}.. (5). Dipyr-
azinyl sulfoxide (21 mg, 0.1 mmol) and Zn(NOj3),-6H,0 (30 mg,
0.1 mmol) were dissolved in a mixed solvent of 3 mL of
acetonitrile and 1 mL of methanol with stirring at room
temperature for 3 h. Slow evaporation of the filtrate gave
colorless crystals of 5. Yield: 26.57 mg (55%). Anal. Calcd
(Found) for CgH¢NO,SZn: C, 19.84 (19.64); H, 3.33 (3.26);
N, 17.36 (17.57). IR (KBr) v/em " 3524(vs), 3104(w), 1626(m),
1384(vs), 1167(w), 1121(w), 1060(s), 1015(s), 865(w), 825(m),
749(w), 648(w), 611(w), 542(w).

Synthesis of {[Zn(pyz,SO)(H,0),](Cl04);}.. (6). Dipyrazinyl
sulfoxide (21 mg, 0.1 mmol) was dissolved in 3 mL of actonitrile
and then added to a 2 mL solution of Zn(ClOy4),-6H>0 (38 mg,
0.1 mmol) in water with stirring. After filtration, the clear
solution was left to slowly evaporate in air. Colorless crystals
of 6 were obtained. Yield: 30.68 mg (61%). Anal. Calcd (Found)
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Figure 1. (a) Intermolecular sulfinyl- - - sulfinyl interactions in the crystal structure of dipyrazinyl sulfoxide (pyz,SO). Symmetry code:a —x + 1, —y + 1,
—z + 2. (b) Stacking diagram of the pyz,SO molecules. The thick red, dashed lines represent 7« - -7t interactions.

positive charge localized on the sulfur atom. Further
structural analysis revealed that the pyz,SO molecules
are arranged along the « axis in a head-to-tail fashion,
and adjacent molecules interconnect via two pairs
of complementary C—H---N hydrogen bonds (Cla—
HlAa---N2: 2.694(3) A, 146(3)°; C3—H3A---Nla:
2.707(3) A, 146(3)°; C8—HS8A---N3a: 2.721(4) A,
145(3)°; C6a—H6Aa---N4: 2.731(2) A, 143(1)°. a:
x + 1, y, z), leading to an infinite chain (Figure 1b).
Sulfinyl- - -sulfinyl and z---7 stacking (centroid---
centroid 3.982, 4.037 A) interactions occur between the
formed chain structures parallel to the @ axis, engendering
a three-dimensional framework.

Anion-Tuning Effect in Complexes 1 to 4. Recent studies
indicated that various anions are capable of playing an
important role in the construction of supramolecular
architectures.'® The anion-controlled self-assembly by
use of the interesting anion—sx interaction has been
reported in several literature sources.'® Although
silver complexes {[Ag(pyzSO)](NO3)- CH;CN}.. (1), {[Ag-
(pyz:SO)(PFo)}. (2), [Ags(pySO)(ClOy)s).. (3), and
[Ag(pyzoSO)(CF3CO»)].. (4) were obtained by similar syn-
thetic procedures, different resulting coordination architec-

(11) SMART 5.0 and SAINT 4.0 for Windows NT, Area Detector Control
and Integration Software; Bruker Analytical X-Ray Systems Inc.: Madison, W1,
1998.
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Ithaca, N, 1960; p 260.

(15) (a) Fuller, A. L.; Aitken, R. A.; Ryan, B. M.; Slawin, A. M. Z.;
Woollins, J. D. | 2009, 39, 407. (b) Choi, H. D.; Seo, P. J.;
Son, B. W.; Lee, U. piniumntuiinmy - 2007, £63, 04811. (c) Choi, H. D.; Seo, P.
J.; Son, B. W.; Lee, U. . 2009, E65, 01240.
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126, 15364. (c) Wisner, J. A.; Beer, P. D.; Drew, M. G. B.; Sambrook, M. R.
i 2002, /24, 12469. (d) Campos-Fernandez, C. S.; Clérac, R.;
Dunbar, K. R. | N 1999, 35, 3477. (e) Harding, L. P.; Jeffery,
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tures, such as a (4,4) network in 1 and 2, a necklace-like
assembly in 3, and a ladder-type structure in 4, were achieved
by employing different counteranions. The two pyrazinyl
rings of the clamp-like pyz,SO ligand favorably embrace the
respective anion via an anion—J interaction, whereas varia-
tion of the geometry and bulk of the coexisting anion affects
the molecular dimension of pyz,SO, thus leading to diverse
supramolecular assemblies.

{[Ag(pyz,SO)|(NO3)-CH5CN}.. (1). In the crystal
structure of complex 1, the pyz,SO ligand adopts a us-
bridging mode A with two 1-positional N atoms and the
S=0 group (S=0at 1.491(2) A) arranged in an anti-mode
(Scheme 1). Each Ag(I) is surrounded by three pyz,SO
ligands in a square-planar coordination geometry and
further coordinated by one acetonitrile molecule and one
nitrate anion at axial positions (CH3CN: Né6a---Agl
2.783(5) A, a: —x + 1, =y + 1, —z; NO3 : O2---Agl
2.603(4) A)."” The pyz,SO ligands bond to the metal
center at the equatorial positions through two 1-posi-
tional N atoms and two 4-positional N atoms, generating
a (4,4) network with the four-coordinated Ag(l) as nodes
and pyrazinyl rings as linkers (Figure 2a). It is noteworthy
that all the sulfinyl (S=O) groups of pyz,SO are oriented
on the same side of the (4,4) network, where acetonitrile
molecules are located, whereas the nitrate anions are
arranged on the other side. Therefore, the layer structure
has two different surfaces (Figure 3a).

In this way, the layers are stacked in a A—B-:--B—A
mode (face-to-face) to generate a three-dimensional fra-
mework with interlayer separations of 5.52 and 6.68 A,
respectively (Figure 3a), wherein adjacent layers are
interconnected and alternatively stabilized by sulfinyl- - -
sulfinyl and anion—u interactions. Each pair of parallel
S=O groups interact in a head-to-tail fashion with an
S.--0O contact of 3.014(3) A. The interaction mode is
the same as that in the crystalline form of pyz,SO. As
shown in Figure 4a, one oxygen atom, O4, of nitrate is
embraced by the pyrazinyl rings of pyz,SO at the metallo-
cycle corner of the (4,4) network with O- - -pyZeeniroid
distances of 3.13 and 3.39 A, which are comparable to the

(17) Su, C.-Y.; Cai, Y.-P.; Chen, C.-L.; Smith, M. D.; Kaim, W.; zur
Loye, H.-C. inniumtismmmiia. 2003, /25, 8595.
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Figure 2. The (4,4) coordination network in (a) {[Ag(pyz,SO)]-
(NO3)-CH;CN.. (1) and (b) {[Ag(pyz>SO)I(PF)}... (2).

(a)

(b)

Figure 3. (a) Stacked structure of 1. The thick dashed lines represent
sulfinyl- - -sulfinyl interactions, while anion— interactions are omitted
for clarity. Symmetry code: a —x + 1, —y + 1, —z. (b) Anion—x
interaction bridging stacked layers in 2.

reported nitrate- - -pyrazine interactions in {Ni[bis(2-
pyrazylmethyl)sulfide](NO5),}...,'** but slightly longer
than the nitrate- - - ;(triazine) interactions involving the
1,3,5-triazine ring in Zn(dipicatriz)(NO3), and [Cus-
(dipicatriz)(NO3)(H,0)](NO3) (dlglcatriz = 2,4,6-tris-
(di-2-picolylamina)[1,3,5]- trlazme) due to the less
mr-acidic nature of the pyrazine ring. The observed con-
tacts are also in good agreement with the results of a CSD
survey study [O(nitrate)- « - pYZeentroid mean 3.10 A] tor
The distances O-- C/N(rmg atoms) range from
3.263(5) to 3.806(6) A, and the angle ¢ of the O- - - axis
to the pyrazinyl plane lies within the range 80.9—84.8°.
The detailed anion—s interaction geometries are listed in
Table 3.

{[Ag(pyz,SO)](PF¢)}.. (2). In the crystal structure of
complex 2, a (4,4) coordination network similar to that of
1 is obtained, as shown in Figure 2b. Another kind of
us-bridging pyz,SO ligand with two 1-positional N atoms
and the S=O group in the syn-mode exists in 2. The

(18) (a) Black, C. A.; Hanton, L. R.; Spicer, M. D. kigiiabgi 2007, 46,
3669. (b) Maheswari, P. U.; Modec, B.; Pevec, A.; Kozlevcar, B.; Massera, C.;
Gamez, P.; Reedijk, J. Sigitaials. 2006, 45, 6637.
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sulfoxide oxygen chelates a silver atom via weak O+ - -Ag
bonding, which combines with the 1-pyrazinyl N atoms to
generate a new u3-bridging ligation mode, B (Scheme 1).
The S=O bond length of 1.502(4) Ais slightly longer than
those in free pyz,SO (1.487(2) A) and complex 1 (1.491(2)
A) which can be attributed to the weak sulfoxide O- - - Ag
interaction (Ola -Agl 2. 646(4)A a:x+1/2,y—1/2,2).
The increase in S—O bond length is commonly found in
the protonated and #'-O coordinated alkyl sulfoxides due
to the reducing bond order.?*" The detailed molecular
dimensions are listed in Table 2.

As compared with complex 1, the formed layers in 2 are
stacked in a A—B- - - A—B (face-to-back) mode with the
bulky hexafluorophosphate residing between adjacent
layers, as shown in Figure 3b, wherein the S=O groups
are oriented on the same side of the (4,4) network. This
face-to-back stacking mode excludes the occurrence of a
sulfinyl: - -sulfinyl interaction in 2. Each PF4  anion is
embraced by the wings of pyz,SO and located at one
metallocycle corner of the (4,4) network through anion-
(F)—m(pyrazinyl) interactions, in which two fluorine
atoms interact with the lower layer and three other F
atoms approach the pyrazinyl rings of the opposite above
layer (Figures 3b, 4b). The F- - - pyZentroiq distances vary
from 3.23 to 3.53 A, being comparable with the reported
value of anion(F)—pyrazinyl interactions in a CSD study
[F(PF¢ )+ - pPYZeentroia mean 3.10 A] tor Distances F-
C/N(ring atoms) range from 3.115(5) to 3.864(6) A, and
detailed anion—u contact geometries are listed in Table 3
for comparison.

The different conformations of the pyz,SO ligand and
stacking modes of the resulting (4,4) net layers in 1 and 2
may be ascribed to the steric effect of anions. In complex
2, the bulky PF¢~ with weak coordination ability leads to
a further separation from the Ag(I) center, thus forming
the face-to-back stacking rather than the face-to-face
stacking mode in 1. However, the interlayer distance of
5.576 A in 2 is only slightly longer than that of 5.521 Ain
1, which implies that the bulky PFs anions in 2 are
effectively buried within the cavities via multiple anion—x
interactions. For the pyz,SO dimension, the angle of
C(sp?)—S—C(sp?) in 2 is 95.01(2)°, being almost equal
to that of 95.29(1)° in 1. The molecular dimensions of
pyz,SO are listed in Table 2 for comparison, and
Figure 4b illustrates the interactions between anion and
metallocycle via anion— interactions.

[Ag3(pyz2S0),(ClOy)3].. (3). Although the pyz,SO co-
ordination mode A found in 1 also exists in the crystal
structure of 3 (Figure 5), a different bonding environment
of the silver centers results in an infinite chain structure.
The two independent Ag(I) ions in the asymmetric unit
(Agl and Ag2) exhibit different coordination environ-
ments. Agl lies on a crystallographic 2-axis, being sur-
rounded by a pair of chelating pyz,SO ligands employing
their 1-pyrazinyl N atoms and one weakly chelating
perchlorate (CI2- type) at an O8---Agl distance of
2.830(8) A. Ag?2 is surrounded by two 4-pyrazinyl N
atoms belonging to separate pyz,SO ligands and four
oxygen atoms from three perchlorates: one perchlorate
(Cll-type)_binds to it at a Ag2—O4 bond length of
2.554(5) A, while the other two (Cl2-type) exhibit
much weaker connections involving oxygen atoms O2d,
04d, and O5b at 2.729(6), 2.712(5), and 2.843(5) A,
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(a)

(b) (c)

Figure 4. Illustrations of different anions residing within the metallocycles of 1 (a), 2 (b), and 3 (c) and structural details of the anion—z interaction in each

case. Symmetry code in (b): a x, —y, z.

Table 2. Ligation Modes, Anion—z Interactions, and Molecular Dimensions of pyz,SO and Its Metal Complexes

ligation S=O0 with respect to S=0 bond C-S-C anion—m anion embraced

compound mode I-prazinyl N atoms length (A) angle (deg) interaction by Pyz,SO
pyz>SO anti 1.487(2) 95.09(1)
1 A anti 1.491(2) 95.29(1) yes yes
2 B cis 1.502(4) 95.01(2) yes yes
3 A anti 1.480(3) 92.82(2) yes yes
4 C anti 1.486(3) 94.71(2) yes no
5 D cis 1.484(1) 96.57(8) no
6 E cis 1.512(2) 94.95(2) yes yes
7 Fand G cis 1.496(3) 94.1(2) yes yes

cis 1.501(3) 92.5(2) yes yes

respectively (Figure 5a). Successive Agl nodes and pairs
of Ag2 atoms are linked by a pair of u3-bridging pyz,SO
ligands to form a necklace-like infinite chain.

Further scrutiny reveals that the ClO,  anion plays a
key role in forming the necklace-like infinite chain in 3.
The perchlorate anion has a weaker coordination ability
with respect to nitrate'® (in 1) and less bulk compared
with pentafluorophosphate (in 2). As shown in Figure 5b,
the Cl1-type perchlorate is bound to the Ag2 center of a
vicinal chain and interacts with two pyrazinly rings of one
pyz,SO ligand via O(perchlorate)---7 interactions
(02b * *PYZcentroid 3.537 A, O3b-- *PYZcentroid 3356/
3.025 A; symmetry code: b —x, —y + 1, —z + 1), while
the third oxygen atom (O5b) of the Cl1-type perchlorate
weakly binds to silver atom Ag2 within a metallocycle.
Such multiple driving forces with the perchlorates lead to
the smaller pyz,SO C(sp?)—S—C(sp?) angle of 92.82(2)°
in 3, in contrast to the angle of 95.09(1)° in free pyz,SO,
95.29(1)° in 1 and 95.01(2)° in 2 (Figure 4c). Conse-
quently, a necklace-like chain structure comprising small
metallocycles is formed in 3, rather than the larger square
one in the (4,4) network of 1, in which just one O atom of
the nitrate ion is involved in an anion—s interaction

(19) Chen, X.-D.; Mak, T. C. W. simenimmy. 2005, 3529.

(Figure 4). In Table 2, the molecular dimensions of neat
pyz>SO are compared with the corresponding values in its
silver(I) complexes 1—3 that contain different anions. In
the case of the weakly bound perchlorate (CI2-type), it
acts as a linker to consolidate adjacent necklace-like
chains stacking along the @ axis through contacts between
two m-acidic pyrazinyl rings and O6 (O- - *PYyZeentroid
3.310 A) (Figure 5b). In this complex, the mean value of
O+ *PYZeentroid 18 3.307 A, being slightly longer than
the surveyed result of 3.16 A [O(CIO4 )* * *PYZcentroid
mean]."” The distances of O---C/N(ring atoms) lie with-
in the range 3.025—3.537 A, and detailed anion—u inter-
action geometries are illustrated in Table 3 for
comparison.

Through these anion—m and O- - - Ag interactions, the
necklace-like chains in 3 mutually interconnect in a
shoulder-by-shoulder fashion to form a layer parallel to
the ab plane. Adjacent layers are stacked along the ¢ axis
through the linkage of S=O--.-z(pyrazinyl) (O---
PYZcentroid 3-207 A, S5=0-- *PYZcentroid 125.0°, Figure 6a—)
and weak O---Ag (above-mentioned O2d---Ag2
2.729(6) A; O4d---Ag2 2.712(5) A, Figure 5a) interac-
tions to generate a three-dimensional framework
(Figure 6b). The measured distance of O« * * pyZcentroid 1
shorter than the sum of van der Waals radii (3.25 A) of the
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Table 3. Geometries of the Anion—: Interactions with the Pyrazinyl Ring in This Study

X---C(N) X - +centroid X---plane

complex atom(X) range/A distance/A distance/A ¢@/deg”
1 04 3.263(5)—3.482(5) 3.129 3.116 84.8
3.412(6)—3.806(6) 3.390 3.347 80.9
2 F2 3.258(3)—4.009(4) 3.525 3.256 67.3
F3 3.178(6)—4.060(4) 3.382 3.138 68.1
F4 3.115(4)—3.864(4) 3.233 3.078 72.3
F5 3.423(5)—4.044(4) 3.497 3.356 73.6
3 06 3.238(6)—3.860(5) 3.310 3.195 74.8
03 3.336(6)—3.893(8) 3.356 3.268 77.8
3.233(5)—3.374(5) 3.025 3.020 86.6
02 3.173(6)—4.330(7) 3.537 3.126 62.3
4 Fl1 3.262(6)—4.223(6) 3.527 3.253 67.3
F2 3.465(5)—4.042(6) 3.499 3.398 76.1
6 o7 3.212(7)—4.297(8) 3.530 3.212 65.5
08 2.808(5)—3.933(6) 3.147 2.809 63.2
02 3.333(6)—4.035(6) 3.437 3.286 72.9
7 010 3.215(9)—3.676(9) 3.165 3.110 79.3
3.441(7)—3.816(9) 3.352 3.316 81.6
06 3.294(12)—4.116(9) 3.487 3.252 69.8

“Angle of the X+ -7 axis to the plane of the pyrazinyl cycle.

(@

(b)

Figure 5. (a) Coordination environments of two independent Ag(I) ions in [Agz(pyz>SO),(ClOy)3].. (3). Symmetry codes:a x, =y +3/2, zzb—x— 1, —y +
L,—z+lL,c—x,—y+1,—z+ 1;dx+1/2,y, —z+ 3/2.(b) Linkage of perchlorate ions between necklace-like chains in 3. Symmetry codes: a x, —y + 3/2,z; b

—x,—y+1,-z+1

interacting atoms (taking the half-thickness of a phenyl
ring as 1.85 A% and the van der Waals radius of O as 1.40
A)."* The S=0- - - 7(pyrazinyl) interaction represents one
type of lone-pair aromatic affinity®' that is not well
documented, whose contact fashion is analogous to that
of the C=0O-- -m(pyridyl) interaction reported by us
recently.21h A recent thorough CSD survey by Reedijk
et al.?Y indicates that such X=0- -7 (X = any element
of the period) commonly occurs in the crystal structures

(20) Malone, J. F.: Murray. C. M.; Charlton, M. H.; Docherty, R.;
Lavery. A ). TR 1957 ;. 3425

of small molecules, although its role in the construction of
supramolecular frameworks has been seldom explored.

(21) (a) Alkorta, I.; Rozas, 1.; Elguero, J. jitiminbsi 1997, 62, 4687. (b)
Egli, M.; Sarkhel, S. pimiisssiiag. 2007, 40, 197. (c) Bancroft, D.; Williams,
L. D.; Rich, A.; Egli, M. Rieksiss 1994, 33, 107. (d) Sarkhel, S.; Rich, A ;
Egli, M. inninuntiismmmiian 2003, /25, 8998. (¢) Gung, B. W.; Zou, Y.; Xu, Z.;
Amicangelo, J. C.; Irwin, D. G.; Ma, S.; Zhou, H.-C. jiiiteitigis 2008, 73, 689.
(f) Gung, B. W.; Xue, X.; Reich, H. J. jonfiusesfslany. 2005, 70, 7232. (g)
Amicangelo, J. C.; Gung, B. W.; Irwin, D. G.; Romano, N. C.

Lhys. 2008, 10, 2695. (h) Wan, C.-Q.; Chen, X.-D.; Mak, T. C. W. (iastbiigs
Conun 2008, 10,475. (i) Wan, C.-Q.; Han, J.; Mak, T. C. W. iisitiiedgis. 2009,
33,707. (j) Mooibroek, T. J.; Gamez, P.; Reedijk, J. suumatimsntunnn 2008, /0, 1501.
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(a)

(b)

Figure 6. (a) Geometrical details of the S=O- - -7 interaction in complex 3. (b) Stacking of layers in 3 parallel to the ab plane. All the noncovalent

interactions are omitted for clarity.

[Ag(pyz,SO)(CF3CO3)].. (4). In the crystal structure
of 4, the Ag(I) atom adopts a distorted tetrahedral N,O,-
coordinaton geometry with two pyz,SO ligands and two
trifluoroacetate anions around it (Figure 7a). The pyz,SO
ligand behaves as a u,-bridging ligand to coordinate to
two Ag(I) atoms via one 1-pyrazinyl and one 4-pyrazinyl
N atom of independent rings, exhibiting ligation mode C
(Scheme 1). An infinite ladder-like chain structure is
assembled along the [110] and [110] directions with a pair
of u>-n'my' trifluoroacetate anions bridging adjacent
Ag(I) atoms.

Apparently, the stronger bonding ability of trlfluoroa-
cetate relative to NO3 , PFs , and ClO, ! plays a
crucial role in the assembly of 4, engendering a dense
ladder-type structure rather than the metallocyclic motifs
asin 1 to 3. In addition, the anion—m(pyrazinyl ring) and
sulfinyl- - -sulfinyl interactions also contribute to the
stabilization of the three-dimensional framework in 4.
As shown in Figure 7b, two fluorine atoms (F1 and F2) of
triflouoacetate bond to the same pyrazinyl ring from an
adjacent chain with F+ + - pyZceniroig distances of 3.50 and
3.53 A (Table 3), respectively, which are slightly longer
than the mean R—F - + - pyZcenroiq distance of 3.16 A from
a CSD statistical study.”" Compared with the anion—x
interaction in 1—3 with anions each embraced by both
pyrazinyl rings of the same pyz,SO, the trifluoroacetate
anion lies outside of the wing-like pyz,SO ligand and
interacts with only one pyrazinyl ring. A sulfi-
nyl- - -sulfinyl interaction occurs between a pair of par-
allel S=O groups of adjacent chains with an S---O
distance of 3.143(3) A, which is longer than those in neat

pyz-SO (2.962(2) A) and 1 (3.014(3) A) belng shorter
than the sum of van der Waals radii (3.30 A)

Complexes of Zn(IT) and Cd(IT). Metal ions with octa-
hedral coordination geometry are widely used as nodes
to construct metal—organic frameworks (MOFs). Here-
in, we also synthesized several Zn(II) and Cd(II)
complexes of dipyrazinyl sulfoxide (pyz,SO), namely,
{[Zn(pyz>SO)(H>0)4](NO5)> - H20}.. (5), {[Zn(pyz>SO)-
(H20)2](Cl04)5} . (6), and {[Cd(pyz>SO)>(H,0)|(ClO4) -
H»0}.. (7), wherein the pyz,SO acts as a chelating and
bridging ligand (Scheme 1) to flexibly link the octahedral
metal ions to form zigzag (5 and 7) and linear (6) chain
structures. Differing from the pyz,SO ligation modes
(A—C) in compounds 1 to 4, ligation modes D and E of

Figure 7. (a) Ladder-like chain in [Ag(pyzSO)(CF;CO,)].. (4). Sym-
metry codes: a x + 1/2,y — 1/2, z;b —x, —y, —z + 1. (b) Anion—z (thin
dashed lines) and sulfinyl- - -sulfinyl (thick dashed lines) interactions
between parallel ladder-like chains in 4. Symmetry code: a —x, —y + 1,
—z+ 1.

pyz-SO are observed in complexes 5 and 6, respectively,
while modes F and G coexist in 7.
{[Zn(pyz:SO)(H,0),](NO3),-H,0}... (5). In complex
5, pyz>SO ligands link adjacent Zn(II) atoms via the Hy-
bridging mode (mode D, Figure 8a, C(sp?)—S—C(sp?)
angle = 96.57(8)°) to generate an infinite zigzag chain
along the [101] direction. The centrosymmetric octahe-
dral Zn(II) atom is surrounded by a pair of 4-pyrazinyl N
atoms of two pyz,SO ligands [Zn—N 2.169(2) and
2.196(2) A] and four aqua ligands [Zn—0 2.072(1) and
2.095(1) A]) Two aqua ligands O1W and O4W further
serve as hydrogen-bonding donors to connect with one
nitrate group (N6-type) and two pyrazinyl N atoms (N2
and N4), thus assembling the zigzag chains into a layer
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Figure 8. (a) Coordination environment of Zn(Il) in {[Zn(pyz,SO)-
(H,0)4](NO3),-H,0}.. (5). Symmetry codes: a —x + 2, —y + 1, —z +
I;b—x+1,—y+2,—z+ 1. (b) Hydrogen-bonded layer in 5. Symmetry
code:ax,y+1,z.

(Figure 8b). As shown in Figure 9a, a hydrogen-bonded
adhesive unit composed of two nitrate groups (N5 and
N6) and one water molecule (O5SW) connects with the
octahedral ZnN,(OW), units of adjacent layers, thus
generating a three-dimensional network (H-bonding
parameters are listed in Table S1 of the Supporting
Information). Presumably the existence of these multiple
hydrogen bonds hinders the formation of an anion—m
interaction in complex 5. On the other hand, a sulfi-
nyl- - -sulfinyl interaction (O---S distance of 2.940(2)
A) between a pair of head-to-tail S=O groups, which is
similar to that in the crystal structure of free pyz,SO and
complexes 1 and 4, occurs between adjacent layers to
consolidate the overall three-dimensional framework, as
shown in Figure 9b.

{[Zn(pyz,S0O),(H,0)](Cl0y4),}.. (6). In the crystal
structure of 6, the zinc(Il) atom is surrounded by two
aqua ligands (O1W and O2W) and two pyz,SO mole-
cules to achieve octahedral N;O;-coordination geometry.
Two 1-pyrazinyl N atoms and the S=O group chelate
on one zinc(Il) atom (Zn—0 2.130(2) A, Zn—N 2. 220(3)
and 2.295(3) A) in the syn-mode and one 4-pyrazinyl N
atom bonds to the second zinc(II) atom, forming a
new ligation mode, E (Scheme 1). The S=O bond
length is markedly lengthened to 1.512(2) A as compared
with those in complexes 1—5 because of its ligation to
the zinc(Il) center. In comparison with the weak
O(sulfoxide)- - -Ag interaction in 2, stronger Zn—
O(sulfoxide) bonding in 6 leads to much smaller
N—C—S=0 torsion angles of 26.8(3)°/29.6(3)°, in con-
trast to that of 34.1(3)° in 2.

Such Ho- brldglng pyz>SO (mode E) links the octahedral
Zn(Il) ions via one l-pyrazinyl and one 4-pyrazinyl
nitrogen atom at the axial positions to form an infinite
linear chain (Figure 10). The perchlorate anions function
as linking units to assemble the chains into a higher-
dimensional framework (Figure 11a). Three kinds of

Figure 9. (a) Hydrogen bonding between nitrate anions and water
molecules in 5. Symmetry codes:ax + 1, y, zzbx — 1,y + 1, z;¢c —x +
I, =y + 2, —z + L. (b) Three-dimensional framework in 5 viewed along
the b axis. The dashed lines represent sulfinyl- - - sulfinyl interactions. All
other noncovalent interactions are omitted for clarity.

Figure 10. Infinite linear chain structure in {[Zn(pyz;SO)(H>0),]-
(ClO4)5}.. (6). Selected bond lengths (A): Zn1—O1W 2.033(3), Zn1—O2W
2.060(3), Znl—N1 2.122(3), Znl—01 2.130(2), Znl—N2 2.220(3),
Zn1—N4 2.295(3), S1-01 1.512(2), S1—C5 1.810(3), S1—C2 1.818(3).
Bond angles (deg): O1—SI—C5 101.22(1), O1-SI—C2 101.76(1),
C5—S1-C294.95(2).

interactions are involved for the linking perchlorate,
namely, OW-—H---O(perchlorate) and C—H---O-
(perchlorate) hydrogen bonding and anion—s(pyrazinyl)
interactions, as illustrated in Figure 11b (Table S2 in
the Supporting Information contains the H-bonding
parameters). For example, the CI2-type ClO4 forms
hydrogen bonds with aqua ligands (OIW—H---09,
O2W—H:--09) and anion—sm interactions with the
pair of ng -like rings of a pyz,SO (O8-::-pyZceniroid
3.147 A O7: + *PYZcentroid 3-530 A) Another perchlorate
(Cll-type) is hydrogen bonded to O2W (O2W-—
H2WB- - 04) and interacts with the same pyrazinyl
rlng (O yzwmrmd 3.437 A) thereby engendering an
anlon T amon contact mode (Flgure 11b). The
C(sp”)—S— C(sp ) angle of 94.95(2)° in 6 is a bit larger
than that of 92.82(2)° in 3, and the corresponding molec-
ular dimension of pyzst is detailed in Table 2. The
multiple anion—s interactions of ClO4 conceivably
account for the structural differences between 5 and 6.
Table 3 shows detailed anion—s contact geometries in
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this complex, the mean O« * + pyZeeniroia of 3.371 A being

comparable with that of 3.307 A in complex 3.
{[Cd(pyz2SO)2(H,0)](ClOy4), - H,0}.. (7). Complex 7

was obtained by a similar synthetic procedure to that for

Acak A4,
(b) o;‘yf:‘$ d

Figure 11. (a) Three-dimensional framework in 6. All noncovalent
interactions are omitted for clarity. (b) Hydrogen-bonding and anion—zx
interactionsin 6. Symmetry codes:a —x+1,y,z;b—x+1,—y+1,—z+2.

Figure 12. Infinite zigzag chain structure in {[Cd(pyzSO),(H,O)]-
(ClOy4),-H50}.. (7). Symmetry code: a x, —y + 3/2,z — 1/2.

Wan et al.

6. Two new ligation modes of the pyz,SO ligand, namely,
terminal mode F and u,-bridging mode G (Scheme 1), are
found in complex 7. The S=O group together with the
I-pyrazinyl N atom readily chelates a metal center as in 6.
The bonding difference of pyz,SO in 6 and 7 is that just
one 1-pyrazinyl N atom is involved in the «*N,O-chelat-
ing mode of F and G in 7; the other 1-pyrazinyl N2 atom
exhibits only a weak N---Cd bonding interaction at
2.722(4) A (Figure 12), rather than two such nitrogen
atoms in the k>N, N,O-chelating mode (E) in 6 (Figure 10).
This may be due to the larger ionic radius of Cd(II) in
contrast to Zn(Il), so that the former cation favorably
binds with three pyz,SO ligands. Because of Cd—O-
(sulfinyl) bonding, the bond lengths of S=O (1.496(3) A
in mode F; 1.501(3) A in mode G) are longer than that of
1.487(2) A in neat pyz,SO, but comparable to that of
1.512(2) A in 6 (Table 2).

Each seven-coordinated Cd(II) ion in the CdN4O,-
(OW) unit in 7 is linked by three pyz,SO and one aqua
ligand (Figure 12) to generate a zigzag chain along the
¢ axis. A conglomerated three-dimensional framework
(Figure 13a) is then formed through the linkage of
these infinite chains by the perchlorate anions, which
are accommodated within the interstices not only to
provide charge balance but also to consolidate the overall
lattice structure via anion—us interactions. As shown in
Figure 13b, one perchlorate is embraced by two pyrazinyl
rings (mode F), forming anion—s interactions via the
contacts of oxygen atom O10 with the two pyrazinyl
rings (Table 3). The other perchlorate group is also in
contact with one pyrazinyl ring with a O6- * + pyZceniroid
distance of 3.49 A. In addition, the latter perchlorate
is similarly embraced by two pyrazinyl rings of pyz,SO
(mode G) with the O(perchlorate)- * + pyZcentroia distance
of 3.48/3.54 A. The C(sp®)—S—C(sp”) angle exhibits
diverse values on account of different bonding modes
(94.1(2)° in mode F, 92.5(2)° in mode G). The O(perchlo-
rate)- - * PYZeentroia distances in the range of 3.17—3.54 A
are comparable with those in the divalent zinc complex 6
(3.15—3.53 A) and also agree well with the values of
the O(perchlorate): « « pyZeenwroid 1Nteraction in reported
copper complex Cu[(2-C4H;3N5),C(OH),]»(Cl04), " and
divalent Co(II) complexes {[Co(L)(MeCN),J(ClOy4)>}..
[L = bis(2-pyrazylmethyl)sulfide].'®*

IR Spectroscopic Study. Infrared spectroscopy is
usually used as a common method to distinguish between

(a)

(b)

Figure 13. (a) Packing mode in 7 viewed along the ¢ direction. (b) Anion- - -7+ - -anion interaction in 7. Selected bond lengths (10\): Cd1—O1W 2.272(4);
Cd1-02 2.283(4), Cd1—01 2.345(3), Cd1—N4 2.461(4), Cd1—NS5 2.489(4), N2- - - Cd1 2.722(4) A.


http://pubs.acs.org/action/showImage?doi=10.1021/ic901521j&iName=master.img-012.jpg&w=239&h=288
http://pubs.acs.org/action/showImage?doi=10.1021/ic901521j&iName=master.img-013.jpg&w=239&h=79
http://pubs.acs.org/action/showImage?doi=10.1021/ic901521j&iName=master.img-014.jpg&w=325&h=142

Article

O- and S-bonding in alkyl sulfoxide metal complexes. With
respect to free alkyl sulfoxide (1055 cm™ "), the »(S=0)
stretching frequency increases for a S-bonded ligand
(1080—1154 cm™") but decreases for an O-bonded species
(862—997 cm "), corresponding to the markedly shorter
(S-bonded) and longer (O-bonded) S=O bond lengths.?® ¢
In complexes 1 to 7 and free dipyrazinyl sulfoxide (pyz,SO),
the measured values of »(S=O) vary within a narrow rang
(1060—1066 cm ™). For the 5'-O-bonded S=O in complex
6 and 7, the stretching band exhibits a slightly decreased
shoulder peak at 1010 and 1013 ecm™', respectively, as
compared to the maximum absorption at 1021 cm™ ' in
the free pyz,SO ligand. The ambiguous change of the
stretching frequency with respect to the free p¥2280 ligand
may be ascribed to the steric effects of the x”N,N,0- and
k*N,O-chelating mode in 6 and 7, respectively.

Conclusions

We have synthesized the new multidentate dipyrazinyl
sulfoxide (pyz,SO) ligand and obtained a series of its group
11 and 12 metal complexes with various anions (1—7). In
general, the 1-pyrazinyl N and O atoms of pyz,SO chelate to
a metal center while the peripheral 4-pyraziny N atom
coordinates to another metal ion, leading to an extended
coordination polymeric structure. Due to the s-acidic nature
of the pyrazinyl ring and the local C; geometry of the
C(sp>)—S(0)—C(sp?) group, the coexisting anion is prefer-
entially embraced by the pair of pyrazinyl rings of the clamp-
like pyz,SO ligand via an anion—u interaction. Compared
with NO3; ™ and PF4, ClO4 exhibits a propensity to engage
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in such contacts, which is reflected by an enhanced modifica-
tion of the molecular dimensions and configuration of the
pyz>SO ligand (Table 2). Through this type of subtle anion
tuning, multidentate pyz,SO has the potential of functioning
as a versatile mediator in the supramolecular assembly of
various metal complexes. Flexible ligation modes (A—G)
were revealed in these assemblies with the pyrazinyl nitro-
gen and/or the sulfoxide oxygen atoms coordinating to the
metal ion(s), and the sulfoxide group (S=O) adopts an
anti- or a syn-mode with respect to the two 1-pyrazinyl N
atoms of pyz,SO in accordance with steric demand and the
onset of anion—s interactions. Furthermore, the sulfoxide
group S=O is involved in dipolar sulfinyl- - -sulfinyl and
S=0- - -m(pyrazinyl) interactions in the construction of
the metal—organic supramolecular frameworks of 1 and
3—5. To the best of our knowledge, the role of such
noncovalent interactions in supramolecular assembly
has seldom been discussed in the chemical literature,
and the present study shows that the coordination
chemistry of diheterocyclic sulfoxides is worthy of further
investigation.
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