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ABSTRACT

We have synthesized three bis (thienyl) quinoxaline-
silver(l) complexes; however, unlike analogous sil-
ver(l) complexes of pyridylquinoxaline that utilize (N,
N) bidentate behavior from the quinoxaline and py-
ridyl ring nitrogens, the bis(thienyl) quinoxaline li-
gands did not utilize the bonding potential of the
thienyl rings to give (N, S) bonding modes. PES spec-
tra modeling of these ligands indicates that the prefe-
rential metal bonding via only the quinoxaline nitro-
gen atoms is due to the N-rich, but S-poor, characters
of the frontier orbitals.
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1. INTRODUCTION

Complexes of quinoxalines and similar N-containing,
aromatic heterocycles to silver(l) centers have been used
to construct a variety of 2- and 3-D solid state molecular
networks [1-5]. Molecular solids having Ag(L)" and
Ag(L), structural units have shown a wide range of
structural variation that is guided by a few basic prin-
ciples. For example, mono- or bis-quinoxaline silver
complexes tend to have linear geometries about Ag [6,7];
such complexes with heterocyclic aromatic ligands, tend
to interact via w-w stacking interactions building higher
dimensional structural networks [8,9]; their countera-
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nions tend to direct extended structures through weak
associations with the silver in the complex (e.g. PF*,
BF,' ) [6,10] or through direct coordination (e.g.
CF,CO;, NO;) [11-14]; and solvent from which crystals
are grown tends to influence packing [7].

Several previous investigations utilized a single ligand
and varied the counteranion or solvent to better under-
stand the relationship between these guiding trends.
However, in the current study, we have kept these va-
riables constant and, instead, studied three similar li-
gands in an attempt to better understand how differences
in ligand structure affect how a nitrate anion coordinates
to silver. Specifically, we have investigated a trio of
2,3-bis(thienyl) quinoxalines with the expectation that
we were likely to see some combinations of chelating or
bridging (N, S) bonding modes.

o
5 §

Previous studies have shown that mono- or bis-silver(l)
complexes of pyridylquinoxalines having nitrate counter
ions often involve bidentate (N, N) bonding from the
nitrogen on the pyridyl substituent in addition to the
quinoxaline nitrogen [13]. The nitrates involved in the
metal bonding in these complexes show three variations:
the nitrate may bind one oxygen to one silver [8], two
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oxygen to one silver [9,13], or two oxygen on one ni-
trate group may bridge two silvers on separate molecules
[7]. The silver geometry is either linear or bent with the
perturbation to non-linear geometries caused by the ca-
tion-anion interaction. The silver geometries do not seem
to be driven by a simple geometric preference since sil-
ver coordination adopts linear, bent, trigonal planar, and
pseudo-tetrahedral geometries with these complexes.
With this depth of knowledge for pyridylquinoxalines at
hand, we aimed to use thienylquinoixalines. Thienyl-
quionoxalines 2 and 3 afford the opportunity to bind in
either a metal-bridging and/or a bidentate (N, S) fashion
by using the thiophene ring sulfur as well as the quinox-
aline nitrogen. This (N, S) binding is not far-fetched; a
few ligands similar in structure have shown to utilize
both the N-containing and S-containing hetereocycle
fragments when bound with a variety of metals such as
Cu*? [15], Ru™ [16], Ir" [17,18], Yb*? [19], and a di-
Mo*? complex [20]. To better understand the character of
the frontier orbitals in these thienylquinoxaline ligands,
we investigated the free ligands with photoelectron spec-
troscopy.

2. EXPERIMENTAL
2.1. Synthesis of the Ag” Complexes

The three ligands, 2,3-Bis(3-thienyl) quinoxaline (1), 2,3-
bis(2-thienyl) quinoxaline (2), and 2,3-bis(5-bromo-2-
thienyl) quinoxaline (3), see the graphic above, were pre-
pared and purified according to literature methods and
their single crystal structures have been reported [21-23].
AgNO; (>99.0%, ACS Reagent Grade) was purchased
from Aldrich and used without purification as was me-
thanol (>99.0%, ACS Reagent Grade).

Ag(1);NO;. A warm (~50°C) solution of AgNO;
(0.1003 g, 0.5904 mmol) in 10 mL of methanol was
added to a warmed solution of 1 (0.3481 g, 1.182 mmol)
in 30 mL of methanol. The resulting mixture was wrap-
ped with aluminum foil, covered with a watch glass, kept
in the dark, and allowed to cool and evaporate slowly.
Over the course of two weeks, small pale white crystals
of bis(2,3-dithien-3’-ylquinoxaline-N-)-(nitrito-O)-silver(l),
Ag(1);NOs, precipitated that were suitable for single
crystal X-ray diffraction studies.

Ag(2),NOs;. Ag(2),NO; was prepared using the same
methodology as for Ag(1),NOs;. A warm solution of
AgNO; (0.0998 g, 0.5875 mmol) in 10 mL of methanol
was added to a warmed solution of 2 (0.3466 g, 1.177
mmol) in 30 mL of methanol. The resulting mixture was
wrapped with foil, covered with a watch glass, kept in
the dark, and allowed to cool and evaporate slowly. Over
the course of two weeks, small pale yellow crystals of
bis(2,3-dithien-2’-ylquinoxaline-N-)-bis(nitrito-O,0’)-sil
ver(l), Ag(2),NOg,precipitated that were suitable for sin-
gle crystal X-ray diffraction studies.

Copyright © 2014 SciRes.

Ag(3),NOs. Ag(3),NO3z was prepared using the same
methodology as Ag(1),NOs. A warm solution of AgNO;
(0.0978 g, 0.5757 mmol) in 10 mL of methanol was
added to a warmed solution of 3 (0.5211 g, 1.152 mmol)
in 40 mL of methanol. The resulting mixture was wrap-
ped with foil, covered with a watch glass, kept in the
dark, and allowed to cool and evaporate slowly. Over the
course of two weeks, small pale yellow crystals of bis(2,3-
di-5’-bromothien-2’-ylquinoxaline-N-)-bis(nitrito-O,0’)-
silver(l), Ag(3),NOs, precipitated that were suitable for
single crystal X-ray diffraction studies.

2.2. Single Crystal X-Ray Diffraction Studies of
Ag(1)NOs, Ag(2):NOs, and Ag(3).NOs

Single crystal x-ray diffraction studies were performed
on crystal samples with well-defined morphologies dis-
playing uniform birefringence. Diffraction data for all
silver complexes were collected on a BrukerSmart Apex
instrument with CCD detector at 100 K. The diffracto-
meterwas equipped with a graphite monochromator uti-
lizing Mo Ka radiation (I = 0.71073 A). Unit cell para-
meters were obtained via least-square refinements. Inte-
grated data was corrected for absorption effects using
multi-scan correction methods. Initial phase models were
obtained from direct methods and non-hydrogen peaks
were identified through difference maps of the initial and
subsequent refined models. Flip-disorders on unsubstitu-
tedthienyl rings in Ag(1),NOs and Ag(2),NO; were con-
firmed by the distortion of ideal thienyl ring geometries
and disordered atoms from flipped thienyl rings were
located from difference maps and modeled [24]. From
evaluation of thermal ellipsoids and difference maps, the
nitrate groups in 2 were found to be disordered amongst
two sites. Hydrogen atoms on all models were placed at
ideal locations. Least-squares refinements on F2 were
performed with all non-hydrogen atoms refined aniso-
tropically. Basic crystallographic details for Ag(1),NOs,
Ag(2),NOs, and Ag(3);NO3 are given in Table 1. Cif
files containing detailed descriptions of all refinements
are available as supplementary material. CCDC files
275310-275313 and also contain supplementary crystal-
lographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.3. Photoelectron Spectroscopy of Quinoxalines
1,2,and 3

The Hel and Hell gas-phase photoelectron spectra of the
three ligands were recorded using an instrument and
general procedures that have been described previously
[25]. The samples showed no signs of impurity or de-
composition in the gas phase during controlled sublima-
tion at 90°C - 115°C. A small amount of a non-volatile
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Table 1. Data collection and refinement parameters for Ag(1),NOs, Ag(2),NOs3, and Ag(3),NOs.

Ag(1):NO; Ag(2):NO; Ag(3):NO;
Color/shape White block Yellow block Yellow block
Crystal size (mm) 0.40 x 0.32 x 0.12 mm 0.44 x 0.25 % 0.12 mm 0.45 x 0.25 x 0.08 mm
Chemical formula CaoH20AgN;505S, CsH20AgN505S, C3:H16AgBryNs03S,
Formula weight 758.64 g/mol 758.64 g/mol 1074.25 g/mol
CSD deposition number CCDC 275310 CCDC 275311 CCDC 275313
Temperature 100 (2) K 100 2) K 100 (2) K
Crystal system Monoclinic Triclinic Triclinic
Space group P2,/c P-1 P-1

Unit cell dimensions

Z, Volume
Density (calculated)
Fooo
Max. & min. transmission
0 range for data collection

Reflections measured
Index ranges

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
AlGmax
R indices [I > 25(1)]

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

R.M.S. deviation from mean

a=13.7712 (12) A
b =16.4862 (15) A
c=14.4051 (13) A
S =118.2800 (10)°

4,2880.1 (4) A®
1.750 g/lem?
1528
0.697 and 0.813
2.83° 10 28.32° (Mo Ky)

29,165

-18>h>18
—21>k>21
-19>1>19

7157 [Rin = 0.0286]
7157/30/368
2.028
0.003
R1=0.0778, wR2 = 0.2516
R1 =0.0787, wR2 = 0.2530
4,802 and —3.802 eA 3
0.199 eA=

a=10.4991 (7) A
b =11.9510 (8) A
c=125195(8) A
a=73.2320 (10)°
/3 =83.1450 (10)°
»=77.9090 (10)°
2,1467.81(17) A3

1.717 glem®
764
0.683 and 0.885
2.43° 10 28.29° (Mo K,)

15,097

-13>h>13
-15>k>15
-16>1>16

7234 [Rin= 0.0164]
7234/210/407

0.904

0.002
R1 =0.0351, wR2 = 0.0888
R1 =0.0369, wR2 = 0.0902

1.604 and —0.802 eA®
0.091 A

a=9.5941 (17) A
b=9.7749 (17) A
c=16.183(3) A
a=104.520 (3)°
B =98.593 (3)°
»=107.695 (3)°
2,1710.8(4) A®
2.085 glcm®
1036
0.251 and 0.642
2.32° 10 28.29° (Mo K,)

17,108
-11>h>11
-18>k>18
-20>1>20

8395 [Riy = 0.0418]
8395/96/430
1.169
0.004
R1=0.0438, wR2 = 0.1164
R1 = 0.0482, wR2 = 0.1200
1.941 and —2.675 eA®
0.168 eA™

solid remained in the sample cell at the end of each ex-
periment. During data collection the instrument resolu-
tion (measured using FWHM of the argon *P4y, peak) was
0.015 - 0.020 eV for Hel and 0.022 - 0.026 eV for Hell.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure Determinations of
Ag(1):NOs, Ag(2):NO3, and Ag(3):NOs

ORTEPs of Ag(1),NOz, Ag(2),NO3, and Ag(3),NO; are
shown in Figure 1. All internal bond lengths and angles
are within expected values.Molecules of Ag(1),NO; pack
in staggered head-to-head layers. One of the two
2,3-bis(3-thienyl) quinoxalines has a 3-thiophene ring
that is nearly coplanar with the quinoxaline moiety [Ring
S2 at 11.35(10)°]. The quinoxalines are bent against each
other at the silver ion, Z/N-Ag-N = 153.85 (17)°; and the

Copyright © 2014 SciRes.

coor dinating nitrate oxygen completes the distorted tri-
gonal planar geometry around the silver ion (Figure 2).
Molecules of Ag(2),NO; also pack in staggered head-to-
head layers. Again one of the two 2,3-bis(2-thienyl)qu-
inoxalines has a 2-thiophene ring that is nearly coplanar
with the quinoxaline moiety [Ring S4 at 10.48 (14)°],
and the quinoxalines arebent against each other at the
silver, Z/N-Ag-N = 151.75 (8)°; two coordinating nitri-
tooxygens complete a distorted square planar geometry
around the silver; however the second oxygen is at a dis-
tance of 2.761 (3) A perhaps making the complex more
distorted trigonal planar (Figure 2). Molecules of
Ag(3),NO;s pack in layers wherein each layer contains
nitrate groups oriented in the same direction. Again one
of the two 2,3-bis(5-bromo-2-thienyl) quinoxalines has a
2-thiophene ring that is nearly coplanar with the quinox-
aline moiety [Ring S4 at 1.77 (19)°]. The quinoxalines
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Figure 1. (a) ORTEP of Ag(1),NOs. Displacement ellipsoids
are drawn at the 50% probability level. Somethienyl ringsare

flip disordered, only the major componentsare shown for clarity.

(b) ORTEP of Ag(2),NO;. Displacement ellipsoids are drawn
at the 50% probability level. Some thienyl ringsare flip disor-
dered, only the major componentsare shown for clarity. The
alternative position of the disordered nitrate is also omitted for
clarity. (c) ORTEP of Ag(3),NOs. Displacement ellipsoids are
drawn at the 50% probability level.

areslightly bent against each other at the silver,
ZN-Ag-N = 141.77 (8)°; and the coordinating nitritoox-
ygens complete a distorted tetrahedral geometry around
the silver (Figure 2). As the ZN-Ag-N angle become
less linear, the quinoxalines twist, the thiophene rings
separate, and the nitrate group gets closer to the silver
centergoing from a trigonal planar coordination geome-
try to distorted tetrahedral.

3.2. Thiophene and Nitrate Disorder in
Ag(1)2N03 and Ag(2)2N03

In the initial structural models, some of the thienyl rings
in Ag(1),NO; and Ag(2),NOzdisplayed anomalous bond
lengths and angles and had residual electron density
peaks suggesting a need to model flip disorder. Specifi-
cally for Ag(1),NOs, thienyl-ring flip disorder of 18.4

Copyright © 2014 SciRes.

Agl Agl
N1 N3 N1

Figure 2. Nitrate group orientation to silver-quinoxaline li-
gands in Ag(1),NOs (a), Ag(2),NO;3 (b), and Ag(3),NOs (c).

(4)% for the ring containing S1 and 44.4 (4)% for the
ringcontaining S3 was observed. The rings containing S2
and S4 did not show need for disorder modeling. The
initial model for Ag(2),NOj3required disorder modeling
for three of the four thienyl rings. The percentages of
thienyl-ring flip disorder were: 31.2 (3)% for the ring
containing S1, 28.9 (3)% for the ring containing S2, and
40.1 (3)% for the ring containing S3. Furthermore, the
nitrate group in Ag(2),NOQsis disordered over one addi-
tional site at 35.5 (8)%. For Ag(3),NOs3 the addition of
bromo groups prohibited potential ring flip disorder and
none was observed.

3.3. Nitrate Coordination to Silver

The impact of choice of counteranion on extended struc-
ture in silver coordination chemistry has been well stu-
died. Preliminary observations have shown that weakly
coordinating anions such as PF,* and BF,' do not
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tend to be located near the silver [6,10]. However, sever-
al structures have seen nitrate-silver interactions that lead
to: monodentate O-Ag bonding [8]; bidentate non-
bridging O-Ag bonding [9,13]; and bidentate bridging
bonding [7]. In Ag(1),NOs, one nitrito group oxygen is
within bonding distance to the silver at a distance of
2.461 (5) A with the other at a distance of over 3 A. Of
the three complexes, Ag(1);NOs;is closest to linear
(N-Ag-N = 153.85 (17)°) and the nitrate group is
sandwiched between the nearby thienyl rings. For
Ag(2),NOzand Ag(3),NOs, the complexes are bent with
/N-Ag-N = angles of 151.75 (8)° and 141.78 (10)° re-
spectively and the nitrate groups bind in a non-bridging
bidentate fashion. For Ag(2),NOjs, the nitritooxygens
bond lengths are 2.558 (2) A and 2.699 (2) A and for
Ag(3),NOs, the nitritooxygens bond lengths are 2.482 (3)
A and 2.535 (3) A. The interesting difference between all
three Ag(X),NOj; structures is the difference in the nitro
group coordination. With stronger coordination through
the nitrate ions the angle at the silver ion becomes less
linear. The nitrate group rotates with respect to the plane
created by the quinoxaline nitrogen-silver-quinoxaline
nitrogen association (Figure 2). The orientation is con-
sistent with the minimization of steric repulsions from
the heterocyclic aromatic rings and counteranion.

3.4.C-H --- rand & --- & Interactions in
AQ(X):NO;

The compounds studied also show a variety of intra- and
intermolecular “r-stacking” type interactions. Molecules
of Ag(1),NO; pack in staggered head-to-head layers.
This packing may be caused by a number of C-H - =«
contacts. Intramolecularly, the hydrogen on C13 in
Ag(1),NO;s interacts with the p-system of the thiophene
ring containing S1 at 2.55 A and the hydrogen on C23 is
at 2.80 A from that same ring. There are intermolecular
interactions between molecules as well. C31 is asso-
ciated with a neighboring thiophene ring containing S2 at
2.97 A [Symmetry code: -1 + x, 1/2 —y, —1/2 + z];
whereas disordered thiophene ring C12B has a hydrogen
that is 2.82 A away from the centroid of the C3-C8 six-
membered ring on a neighboring molecule [Symmetry
code: x, 1/2 —y, 1/2 + z]. There are three weak n-7 inte-
ractions in Ag(1),NOs;. Measurements of ring centroids
indicate intermolecular contact between the six-mem-
bered ring of C19-C24 with a neighboring six-membered
ring containing N3-C24 at a distance of 3.782 (3) A
[Symmetry code: —x, 1 —y, 1 — z]. Additional contacts
between ring N1-C8 with two neighboring rings on two
different molecules, a C3-C8 ring and a N1-C8, are at
3.952(3) A and 3.958(3) A respectively [Symmetry code:
1-x,1-y,1-2].

Molecules of Ag(2),NOsalso pack in staggered
head-to-head layers resulting in a number of C-H - =

Copyright © 2014 SciRes.

contacts. Intramolecularly, hydrogens on carbons C7,
C23, and C30 make three hydrogen bonds of length 2.67
A, 286 A, and 2.67 A respectively with thiophene rings.
However, there are no significant intermolecular C-H ---
7 interactions. The slipped = - m interactions between
molecules as determined from ring centroid distances are
all over 4 A,

Finally molecules of Ag(3),NO; pack in layers
wherein each layer contains nitrate groups oriented in the
same direction. This packing results in only one C-H --- &t
contact intramolecularly between the hydrogen on C30
and a thiophene ring at a distance of 2.83 (4) A. Inter-
molecular = -+ 7 interactions as determined from ring
centroid distances are all over 4 A and the only observed
C-Br - m-ring centroid distance is 3.7047 (18) A be-
tween Br4 and a neighboring thiophene ring [Symmetry
code:3—x,1-vy,-7].

3.5. Photoelectron Spectroscopy of 1, 2, and 3

PE spectra were collected of ligands 1, 2, and 3. The
spectra were fitted analytically with asymmetric Gaus-
sian peaks with a confidence limit of peak positions and
width deviations generally considered as £0.02 eV (>3¢
level) [26]. For the different complexes, the Hel spec-
trum was fit first. The number of peaks used in each fit
was based on the features of the band profile and the
number of peaks necessary for a statistically good fit. For
the Hell fits the peak positions and half-widths were
fixed with respect to those of the Hel fit. Only the peak
amplitudes were allowed to vary to account for changes
in photoionization cross-section.

Confidence limits for the relative integrated peak areas
are about 5% with the primary source of uncertainty be-
ing the determination of the baseline. The baseline arises
from electron scattering and is taken to be linear over the
small energy range of these spectra. The fitting proce-
dures used are described in more detail elsewhere [26].

The Hel (21.2 eV) PE spectra for the three ligands are
shown in Figure 3. We observe a noticeable difference
in relative energies of the first peak of 1 in comparison
with spectra of 2 and 3. This shift from 7.9 eV (for 2 and
3) to 8.0 eV (for 1) may be attributed to either the copla-
narity of one thiophene ring with the quinoxaline rings
in2 and 3which may result in resonance effects for the
aromatic ring system’s HOMO. A sharp, high peak is
seen in 3 (~10.7 eV). This peak is attributed to the lone
pair on bromine.

When looking at the highest energy peaks in the spec-
tra of 1 and 2, a clear growth is observed in the height
and area of the peak in the Hell source when compared
to Hel (Figure 4). For orbitals of predominately nitrogen
character, we expect to see a three-fold increase in ban-
dintensity when compared to those of predominately
carbon character; for orbitals of predominately sulfur
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11 105 10 9.5 9 85 8 7.5
lonization Energy (eV)

Figure 3. The Hel (21.2 eV) PE spectra forl (a), 2
(b), and 3 (c).

character, we expect a slight decrease in band intensity
when changing source from Hel to Hell [27]. The spec-
tra for both 1 and 2 shows a more than 2-fold increase
for bands in the highest energy valence region, suggest-
ing the frontier orbitals contain substantial nitrogen cha-
racter. There is no evidence of sulfur character in the
frontier orbitals of these ligands, consistent with the ni-
trogen binding observed in the complexes.

4. CONCLUSION

Three 2:1 bis(thienyl) quinoxaline-silver complexes were
synthesized and their crystal structures were determined.
As seen in other structures containing unsubstituted ter-
minal thienyl rings, crystals containing ligands 1 and 2
contain flip disordered thiophene rings. All three com-
plexes have silver cations coordinated to the nitrate
counteranion. This coordination was also recently ob-
served in a silver(l) complex with two 2-(2-thienyl)ben-

Copyright © 2014 SciRes.

Counts
Counts

11 10 9 8 1
lonization Energy (eV)

Figure 4. The Hel (bottom, 21.2 eV) and Hell (top, 40.8 eV)
PE spectra for 1 (left) and 2 (right). The increasing peaks in the
Hell spectra indicate orbitals with increasing N character.

0. 9 B
lonization Energy (eV)

zothiazole ligands [28]. Nitrito coordination differs as
the coplanarity of the two quinoxaline moieties changes.
The nitrate is a sandwich between thiophene rings on the
quinoxalines. Models based upon PE spectra indicate
that frontier orbitals are rich in nitrogen character with-
out much sulfur character supporting our observation of
quinoxaline nitrogen bonding without any coordination
from nearby but misaligned thiophene sulfurs.
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