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One new asymmetrically substituted 1,2,4-triazole, 4-amino-3-(p-bromophenyl)-5-(2-pyridyl)-1,2,4-
triazole (L), and its iron(II) complex, íra/!4-[FeL2(NCS)2] (I), have been synthesized and
characterized by elemental analyses, FT-IR, 'H NMR, ESI mass spectra, and single-crystal X-ray
crystallography. Crystallographic studies revealed that I contains a distorted octahedral [FeNf;] core
with two trans NCS". Each L adopts a chelating bidentate coordination via N of pyridyl and one
N of the triazole ring. Magnetic susceptibility measurements indicated that 1 remained in a high-
spin state between 1.8 and 300 K.
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1. Introduction

Metal complexes with substituted 1,2,4-triazole ligands have attracted considerable
attention in coordination chemistry due to their rich coordination modes and versatile prop-
erties [1-3]. Especially, iron(II) complexes of these ligands show intriguing spin-crossover
(SCO) properties which can be applied in molecular electronics as information
storage and switching materials [4-10]. Among them, mononuclear iron(II) complex,
/ra/7.?-[Fe(ABPT)2(NCS)2] (ABPT = 4-amino-3,5-bis(2-pyridyl)-1,2,4-triazole), is an inter-
esting example because it exhibited SCO properties associated with polymorphic behavior
(red polymorph A, 71/2= 180K [11]; orange polymorph B, high-spin [12]; polymorph C,
partial SCO at 86K [13]; polymorph D, partial SCO at 162K [13], and a long-lived
photoinduced metastable state through NCS" linkage isomerization accompanied with a
SCO at 108 K [14]). It was also found that one pyridyl of ABPT was not coordinated in
/ra«.s-[Fe(ABPT)2(NCS)2]; so, it is possible to replace a pyridyl by other aryl groups with-
out changing the basic coordination of the ligand to the metal. Based on this, we recently
synthesized an ABPT derivative, 4-amino-3-(/;-chlorophenyl)-5-(2-pyridyl)-l,2,4-triazole
(L'), and its iron(II) complex, ?rans-[FeL'2(NCS)2][FeL'2(CH3OH)2](NCS)2, which repre-
sented the first example of any mononuclear triazole-based octahedral complex with
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coexistence of molecules with both /ran^-coordinated NCS and trans-CY{T,OW [15]. As a
continuation of our investigation on asymmetrically substituted 1,2,4-triazoles [16-23], we
present here the synthesis of another new ABPT derivative, 4-amino-3-(p-bromophenyl)-5-
(2-pyridyl)-1,2,4-triazole (L), and its iron(II) complex, /7-a«5'-[FeL2(NCS)2] (1), and their
crystal structure and spectroscopic properties.

2. Experimental

2.1. Materials and measurements

All chemicals used were of analytical grade. Solvents were purified by conventional
methods. Melting points were determined using an X4 digital microscopic melting point
apparatus and are uncorrected. C, H, N, and S elemental analyses were obtained with a
Thermo Finnigan Flash 1112A elemental analyzer. IR spectra were recorded on a Nicolet
Avatar 380 FT-IR instrument with KBr pellets fi-om 4000 to 400 cm"'. ' H NMR spectra
were measured on a Bruker AM 500 MHz spectrometer at ambient temperature in CDCI3.
Chemical shifts are reported in parts per million (ppm) downfield from TMS. Electrospray
ionization mass spectra (ESI-MS) were recorded with an LCQ advantage MAX mass
spectrometer, with MeOH as the mobile phase; the flow rate of the mobile phase was
0.2cm^min~'. The spray voltage was 4kV and the capillary voltage was 40 V. Magnetic
susceptibility data for 1 were measured on a Ouantum Design MPMS-7 SQUID
magnetometer between 1.8 and 300 K under 2000 Oe of external field. Diamagnetic
corrections were made with Pascal's constants.

2.2. Synthesis of L

The synthetic route for L is shown in scheme 1. 2-(/?-Bromophenyl)-5-(2-pyridyl)-1,3,4-
oxadiazole (A) was synthesized according to our reported method [23]. A solution of A
(1.81 g, 6.0mmol) and anhydrous hydrazine (2mL, 63.0 mmol) in anhydrous EtOH
(20 mL) was stirred at 120°C for 60 h. The unreacted hydrazine was removed under
reduced pressure, and the crude product was purified by crystallization fi-om anhydrous
EtOH to provide L as a white solid in 67.3% yield. Single crystals of L, suitable for
X-ray dififraction, were obtained by slow evaporation of an anhydrous EtOH solution at
ambient temperature, m.p. 222-224°C. Anal. Caled for CsHioN^Br (%): C, 49.39; H,
3.19; N, 22.15. Found (%): C, 49.21; H, 3.05; N, 22.03. IR (cm"'): v=3426(m), 3221(m),
3137(m), 1643(m), 1590(m), 1566(m), 1476(s), 1462(s), 1074(s), 1053(s), 996(s), 964(m),
825(s), 785(s), 721(s), 690(m). ' H NMR è: 6.43 (br, 2H, NH2), 7.39 (dd, J,=5.2Hz,

Br

H« H'

Scheme 1. The synthetic route for L.
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72=1.9Hz, lH, PyH''), 7.63 (d, J=8.5Hz, 2H, PhH*'), 7.87-7.90 (m, lH, PyH'̂ ), 8.15 (d,
J=8.5Hz, 2H, PhH'=), 8.36 (d, J=8.0Hz, lH, PyH''), 8.64 (d, J=4.6Hz, lH, PyH'')
(figure SI). ESI-MS: m/z = 318.1.

2.3. Synthesis oftrans-fFeL2(NCS)2j (1)

A solution of FeSO4-7H2O (0.2 mmol) in MeOH (2mL) was added to a solution of KSCN
(0.4 mmol) in anhydrous MeOH (2mL). The mixture was stirred for 30 min, and then
filtered. The K2SO4 precipitate was washed with 2 mL of anhydrous MeOH. The methano-
lic fractions containing Fe(SCN)2 were combined and then poured into an MeOH solution
of L (0.4 mmol). The resulting solution was stirred for 2 h during which an orange precipi-
tate formed, which was isolated by filtration, washed with H2O, and dried thoroughly in
vacuo to give 1 (145 mg, 90.1%) as an orange powder. Orange single crystals suitable for
X-ray diffraction were obtained by evaporation from MeOH solution under argon. Anal.
Caled for C28H2oBr2FeN|2S2 (%): C, 41.81; H, 2.51; N, 20.90; S, 7.97. Found (%): C,
41.65; H, 2.33; N, 20.77; S, 7.82. FT-IR (cm"'): 3354(s), 2078(vs), 1623(m), 1597(m),
1464(s), 1072(m), 1008(m), 831(w), 795(w). ESI-MS: m/z = 318.2, 746.2.

2.4. Crystal structure determination

Well-shaped single crystals of L and 1 were selected for X-ray diffraction studies. The unit
cell parameters were determined and the intensity data were collected at 296(2) K on a
Bruker SMART CCD diffi-actometer with a detector distance of 5 cm and frame exposure
time of 8 s using graphite-monochromated Mo K^ (1 = 0.71073 Â) radiation. The structures
were solved by direct methods and refined on F^ by full-matrix least squares procedures
using SHELXTL [24]. All nonhydrogen atoms were anisotropically refined. All hydrogens
were generated geometrically and allowed to ride on their respective parent atoms, but not
refined. Crystallographic data are summarized in table 1. Selected bond lengths and angles
for L and 1 are listed in table 2.

3. Results and discussion

3.1. Synthesis

In contrast to the synthesis of L', the asymmetrically substituted triazole L can be synthesized
in one-pot reaction from 2-(/?-bromophenyl)-5-(2-pyridyl)-l,3,4-oxadiazole in anhydrous
hydrazine-EtOH solution. L reacted with an iron(II) salt and KSCN in a 2:1:2 molar ratio to
fonn 1, which is stable in air. The elemental analysis was satisfactory and consistent with a
complex that contains one iron(II), two triazole ligands, and two NCS~.

3.2. Crystal structure ofL

A perspective of L with the atom-numbering scheme is shown in figure 1. X-ray structure
analysis indicated that L crystallized in the triclinic space group P-1 and its molecule
structure is similar to L' [15]. The molecule L is almost planar as the central 1,2,4-triazole
ring is oriented at dihedral angles of 5.3(2)° and 4.0(2)° with respect to the pyridyl ring
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Table 1. Crystal data and structure refinement parameters for L and I.

Compound

Empirical formula
Formula weight
Crystal system
Space group
Unit cell dimensions (A, °)
a
b
c
a
ß

K(Â')
Z
D, (g cm-')
ß (mm ')
F (000)
Reflections collected
Independent reflections
Reflections observed [/> 2a(I)'\
Data/restraints/parameters
Goodness-of-fit on F^
Final R indices (l>2a(I))
R indices (all data)
Largest difference peak and hole (eÂ~')

C.jH.oNsBr
316.17
Triclinic
P-l

5.952(2)
8.129(3)
12.908(5)
83.418(5)
88.002(4)
88.015(5)
619.7(4)
2
1.694
3.309
316
4400
2156 [«¡„, = 0.0266]
2299
2156/3/178
1.052
0.0288/0.0747
0.0350/0.0777
0.253 and -0.297

C28H2oBr-)FeN| TS
804.35
Monoclinic
P2,/n

12.9208(10)
9.4194(7)
13.6099(11)
90
110.8460(10)
90
1548.0(2)
2
1.726
3.246
800
10,652
2726 [Ä,„, = 0.0281
2216
2726/3/211
1.031
0.0346/0.0844
0.0460/0.0886
I.OIOand -0.794

Table 2. Selected bond distances (Â) and angles (°) for L and 1.

Nl-CI
N1-C5
N2-C6
N3-C7
Brl-CU
N2-N3
N4-N5
C6-N2-N3
C6-C5-N!
C7-N4-C6
N5-N4-C7
ClO-Cll-Brl

.334(3)

.341(3)

.320(3)

.324(3)

.899(2)

.370(3)

.419(2)
108.20(16)
117.98(18)
106.60(16)
126.06(16)
119.66(18)

Fel-NI
Fel-N2
Fel-N6
S1-C14
BrI-Cll
N2-N3
N4-N5
Nl-Fel-N2
Nl-Fel-N6
N2-Fel-N6
N6-C14-SI
Fel-N6-C14

2.233(3)
2.169(2)
2.115(3)
1.635(4)
1.908(3)
1.379(3)
1.413(4)

74.18(9)
88.29(10)
87.64(10)

178.1(3)
176.3(3)

and the p-bromophenyl ring, respectively. These dihedral angles are smaller than (8.6(3)°
and 5.7(3)°) found in L' [15]. The bond lengths and angles of L are within normal ranges
and also similar to those found in the L' and ABPT [15, 25]. However, there is a
prominent difference in the crystal-packing interactions between L and L'. Intermolecular
C4-H4A- - -N2^ hydrogen bonds link two L to form dimers, which are further eonnected
by intermolecular N5-H5A---N2'' hydrogen bonds and an offset face-to-face n- • -n stacking
interaction between pyridyl and triazole rings (centroid-centroid distance = 3.736(3) Â;
dihedral angle = 5.3(2)°) to produce ID chains along the a axis (figure 2 and table 3). In
contrast, a face-to-face n- • -n stacking interaction only exists between the /j-chlorophenyl
and triazole rings in L'. In addition, there are two kinds of intramolecular hydrogen bonds
in each L between the /7-bromophenyl ring and amino group [C13-H13A- -N5] and
between the amino and pyridyl groups [N5-H5B- - -Nl] (table 3).



1,2,4-Triazole iron(II) complex 2879
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Figure 1. Projection ofthe structure of L with labeling system. Hydrogens are omitted for clarity.

Figure 2. The crystal packing of L viewed along the a axis showing the hydrogen bonding and n-n stacking
interactions.

3.3. Crystal structure of 1

Although L and L' are similar, their iron(II) complexes, 1 and íra/7.$-[FeL'2(NCS)2]
[FeL'2(CH3OH)2](NCS)2, are totally different. Complex 1 crystallized in the monoclinic
space group P2\ln, and its structure with the atom numbering system is shown in figure 3.
There is an inversion center at Fe. Fe is coordinated by four nitrogens from two L in the
equatorial plane and two nitrogens from two NCS" in the axial positions to form a
distorted octahedron. All Fe-N bond lengths are inequivalent, and the Nl-Fe-N2 bond
angle deviates significantly from an ideal 90° due to the five-membered chelate ring (table
2). Each L coordinates to Fe(II) via Nl of the pyridyl ring and N2 of the triazole ring,
similar to that observed in iron(II) complexes with ABPT [11, 12] and other substituted
1,2,4-triazoles [7, 15]. The average Fe-N bond length is 2.172(3) Â, within the typical
range for a high-spin Fe(II)-N bond (2.051-2.248 Â) [6, 7, 26]. The spin-state assignment
based on the Fe(II)-N bond distance is associated with octahedral distortion parameter (Z),
which is commonly used for quantification of the angular deviation of an octahedron from
its ideal geometry [27]. A smaller I value is generally related with a stronger ligand field
and, therefore, a low-spin state of the metal ion, while the opposite suggests a high-spin
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Table 3. Parameters of the hydrogen bond and n-w stacking interactions for L.

D-H- • A

C4--H4A- • •N2''
CI3-H13A N5
N5-H5A- • .N2''
N5-H5B--N1
7t- • -K interaction
K (trz)- • -n ('Çiff

D-H (Â)

0.93
0.93
0.89
0.89
cent- - -cent
3.736(3)

H- - -A (A)

2.510
2.380
2.240
2.100

D---A (A)

3.394(3)
3.026(3)
3.055(3)
2.864(3)

ZD-H- - -A (°)

158
126
151
143
dihedral angle
5.3(2)

Symmetry codes: ''—I—.v, 3—y, —z; —x, 2—y, —z; ̂ —x, 3—v, —z.

N5

C10

Figure 3. Projection of the structure of 1 with labeling system. Hydrogens are omitted for clarity.

State [26, 27]. In the present case, the 2" value is 79.44°, suggesting that Fel is in a
high-spin state at 296 K (vide infra). The Fe-Npy distance is larger than that for Fe-N,rz,
consistent with that found in analogous Fe(II) complexes [7, 15, 28-31]. The dihedral
angle (5.7(3)°) between the pyridyl and triazole rings in 1 is slightly larger than that in
free L, which is different from that observed in trans-[F eh'20^CS)2]
[FeL'2(CH3OH)2](NCS)2, where the dihedral angles (4.2(2)° and 3.2(2)°) are smaller than
that (8.6(3)°) in fi-ee L' [15]. The p-bromophenyl-triazole twist angle (28.3(3)°) in 1 is
much larger than that in free L. In addition, the co-ligand NCS~ and Fel-N6-C14 angles
are almost linear (N6-C14-S1 = 178.1(3)° and Fel-N6-C14= 176.3(3)°); the latter angle is
larger than that (157.0(3)°) found in /raws-[FeL'2(NCS)2][FeL'2(CH3OH)2](NCS)2 [15].

There are three kinds of intermolecular hydrogen bonds and one intramolecular
hydrogen bond in the structure of 1 (table 4), linking the molecules of 1 into a ID chain
(figure 4). These hydrogen bond interactions are between the /7-bromophenyl group and
NCS" anion [C9''-H9A'' - SI, C13-H13A---SI"], the amino and/?-bromophenyl groups
[N5-H5B- -Brl''], and the pyridyl and amino groups [C4-H4A- -N5]. Moreover, the ID
chain is further stabilized by an offset face-to-face K- - -n'^ stacking interaction between
pyridyl and ;7-bromophenyl ring (centroid-centroid distance = 3.864(3) Â; dihedral
angle =11.7(2)°).
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Table 4. Parameters of the hydrogen bond and n-n stacking interactions for 1.

D-H- - -A

C4-H4A---N5
C9''-H9A''---S1
C 1 3 - H 1 3 A - S I "
N 5 - H 5 B - B r l ' '
K- • -It interaction
;;• (/)-bromophenyl)- - -n (py)**

D-H (Â)

0.93
0.93
0.93
0.86
cent- - -cent
3.864

H- - -A (Â)

2.450
2.810
2.860
2.920

D---A (Â)

3.063(5)
3.575(4)
3.627(4)
3.580(4)

ZD-H- - -A (°)

123
141
141
135
dihedral angle
11.7(2)

Symmetry codes: I.5-.Ï, 0.5 + y, 0.5-z; ''\.5-x,y-(i.5, 0.5-z.

Figure 4. The ID chain in 1 formed by hydrogen bonding and ;r-;r stacking interactions.

3.4. IR spectrum

The IR spectrum of free L (figure S2) shows two medium-intensity bands at 1590 and
1566 cm"' attributable to pyridyl ring vibrations. Upon coordination, the band of pyridine at
larger cm"' can shift about 15 wavenumbers [16]. So, in the spectrum of l (figure S3), the
band at 1623 cm"' can be assigned to coordinated pyridyl ring, showing that L binds via one
pyridyl N. The strong band at 2078 cm"' is assigned to C=N stretching vibration of the
?ra/7.s-coordinated NCS" groups [7, 15]. These features are in agreement with the results
of X-ray crystallography. In addition, bands at 1074 and 1072 cm"' are attributed to the
C(Ph)-Br stretching vibrations in L and 1, respectively [16]. Bands at 3221 and 3354 cm"'
are attributed to N-H stretching vibrations of the NH2 in L and 1, respectively [15].

3.5. Electrospray ionization mass spectra (ESI-MS)

The structures of L and 1 in solution were also studied by electrospray ionization mass
spectra (ESI-MS) [32, 33]. Figure 5(a) displays the positive ESI mass spectrum of L in
MeOH. The base peak at m/z 318.1 is the [L + H]^ ion. Figure 5(b) shows the positive ESI
mass spectrum of 1 in MeOH. Two main peaks at m/z 318.2 and 746.2 are [L + H]"" and
[FeL2(NCS)]'̂ , respectively.

3.6. Magnetic properties of 1

The temperature dependence of the magnetic susceptibility of 1
crystalline sample at an applied field of 2000 Oe. The xu and XM

was measured on a
^ versus T plots are
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Figure 5. Positive ion ESI-MS spectra of L(a) and l(b) in MeOH.
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Figure 6. Plots of/M VS. T ( • ) and XM ' *̂- T (O) for 1. Solid line represents the best linear fit.

shown in figure 6. The results reveal that 1 remained in a high-spin state between 1.8 and
300 K, which indicates the crystal-field splitting energy (A= lODq) is lower than the elec-
tron pairing energy (P). This behavior is also consistent with the octahedral distortion
parameter (¿). In accordance with the Curie-Weiss law, XM ~ CI(T — d), the data for 1
show a good linear relationship between XM ' and 7 with a Curie value of 3.28 and Weiss
constant of — 1.03K, in agreement with that found in frfln5'-[FeL'2(NCS)2] [15]. Although
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both L and L' are ABPT derivatives, their iron(II) complexes, 1 and /ra«.y-[FeL'2(NCS)2],
are still high-spin species. On the contrary, ?ran.ç-[Fe(ABPT)2(NCS)2] showed SCO proper-
ties. These results reveal that after one pyridyl of ABPT is replaced by /3-bromophenyl or
/?-chlorophenyl, the ligand field strength resulting fi-om L or L' cannot be shifted to the
region of SCO for their Fe(II) complexes with NCS^ as co-ligands.

4. Conclusions

A new asymmetrically substituted 1,2,4-triazole, 4-amino-3-(/7-bromophenyl)-5-(2-pyridyl)-
1,2,4-triazole (L), and its iron(II) complex, /ra/;5-[FeL2(NCS)2] (1), have been synthesized
and characterized. Crystallographic studies revealed that L is planar and that 1 is a
mononuelear distorted octahedral iron(II) complex with two trans NCS~. Each L
coordinates to Fe(II) via Nl of the pyridyl ring and N2 of the triazole ring. Complex 1 is
a high-spin species from 1.8 to 300 K.

Supplementary material

The 'H NMR spectra of L and IR spectra of L and 1. Crystallographic data for the
structures reported in this artiele have been deposited with the Cambridge Crystallographic
Data Center as supplementary publication Nos. CCDC 916981 (L) and 916982 (1). Copies
of the data can be obtained free of charge via www.ccdc.cam.ac.uk (or from the
Cambridge Crystallographic Center, 12 Union Road, Cambridge CB21EZ, UK; Fax: +AA
1223 336033; E-mail: deposit(gccdc.cam.ac.uk).
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