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Using 2-amino-5-chloro-3-fluoropyridine, two new copper halide coordination complexes and two
new salts have been synthesized: [(3,5-FCAP)2CuCl2] (1), [(3,5-FCAP)2CuBr2](2), (3,5-FCAPH)2[-
CuCl4] (3) and (3,5-FCAPH)2[CuBr4] (4) [3,5-FCAP = 2-amino-5-chloro-3-fluoropyridine;
3,5-FCAPH = 2-amino-5-chloro-3-fluoropyridinium]. These complexes have been analyzed through

The reaction of 2-amino-5-chloro-3-fluoropyridine (3,5-FCAP) with copper(II) halides in neutral or
acidic media gave the complexes (3,5-FCAP)2CuX2 and (3,5-FCAPH)2CuX4 (X = Cl, Br). Variable tem-
perature magnetic susceptibility reveals anti-ferromagnetic interactions, J, ranging from −0.9 to −31.3 K.
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single-crystal X-ray diffraction and temperature-dependent magnetic susceptibility. Compounds 1
and 2 crystallize in the triclinic space group P-1, while 3 and 4 crystallize in the monoclinic space
group P21/c. All structures were distinct, with 1 giving a bihalide bridged chain, 2 yielding a halide
bridged dimer, 3 forming a two-halide bridged chain via short Cl⋅⋅⋅Cl contacts, and 4 producing a
rectangular sheet via short Br⋅⋅⋅Br contacts. All four compounds exhibit anti-ferromagnetic interac-
tions and were fit to linear chain (1 and 3), dimer (2), and rectangular 2-D sheet (4) models. The
resulting J/kB values are −3.4(1), −31.3(8), −0.9(1), and −9.46(6) K with an α value (α = Jʹ/J) of
0.06(2), respectively.

Keywords: Cu(II) salts and complexes; Magnetic interactions; Pyridine complexes; X-ray structures

1. Introduction

Synthesis and studies of the structures and corresponding magnetic exchange properties of
copper(II) halide coordination complexes and salts have been of interest to our research
group for quite some time [1–4]. These systems merit study due to the low-dimensional
anti-ferromagnetic exchange observed and the opportunity to compare and contrast packing
motifs to gain insight into magneto-structural correlations. One impetus to investigate low-
dimensional anti-ferromagnets resides with the connection between the dimensionality of
high-temperature superconductive materials, such as 2-D copper oxide layers, and the phase
transition that makes them superconducting [5, 6].

In order to correlate relationships between magnetic interactions and physical structure,
families of compounds with the formula [A2CuX2] and (AH)2[CuX4], where A is an
organic compound that can behave as a base or neutral ligand and X is a halide (Cl or Br),
are synthesized. Pyridine and pyridine derivatives have proven to be suitable compounds
that can aid in the formation of packing structures by the addition of different substituents
to the ring [7–9]. Substituent position on the ring is also important as it affects hydrogen
bond formation and other intermolecular interactions [10]. Methyl [11–13], amino [14–16],
and other [1, 17] groups have been used as substituents on pyridine rings in Cu(II) com-
plexes that have been studied previously. These substituents modify the packing structure
through the respective size of the substituent, through the introduction of possible hydrogen
bond donors and acceptors into the complex, and through increased or decreased electron
density in the pyridine ring.

Magnetic super exchange pathways can be mediated through intermediate diamagnetic
atoms. Ligands can influence the superexchange pathway between Cu ions by providing
pathways for moments to couple through intermolecular interactions.

Halides provide viable superexchange pathways between Cu(II) ions [18]. Examples
include bihalide and two-halide bridges (scheme 1). However, when such a path is not pres-
ent, substituents can aid in the formation of contacts that can form a superexchange path-
way. For example, the protons on an amino substituent can hydrogen bond with two
chlorides bonded to two separate Cu ions [19].

Scheme 1. Examples of a bihalide bridge (A) and a two-halide bridge (B). Dotted lines represent copper–halide
contacts and halide–halide contacts.
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A substituent that has not been utilized extensively for research into copper pyridine com-
plexes and salts is fluorine. Fluorine is an excellent hydrogen bond acceptor and can change
the packing structure and therefore magnetism of a Cu(II) complex. However, only three cop-
per pyridine complexes using fluorine as a substituent have been synthesized and studied for
magnetism and structural correlations: (2-amino-5-trifluoromethylpyridinium)2[CuX4] [20]
(X = Cl or Br) and (2-amino-5-fluoropyridinium)2[CuCl4] [21]. This family must be
expanded to determine the utility of fluorine as a substituent for directing crystal packing
and, as a result, magnetic interactions. In order to extend this family of fluoropyridine Cu(II)
compounds, salts and neutral complexes using 2-amino-5-chloro-3-fluoropyridine have been
investigated. Here, we report the syntheses, structures, and magnetic properties of [(3,5-
FCAP)2CuX2] and (3,5-FCAPH)2[CuX4] (3,5-FCAP = 2-amino-5-chloro-3-fluoropyridine).

2. Experimental setup

2-Amino-5-chloro-3-fluoropyridine was purchased from Matrix Scientific, copper bromide
was purchased from Aldrich Chemical Company, and copper chloride, HCl, and HBr were
obtained from Baker; all were used without purification. Elemental analyses were carried
out by Marine Science Institute, University of California, Santa Barbara, CA 93106. IR
spectra were recorded as KBr pellets on a Perkin-Elmer Spectrum 100.

2.1. Synthesis

2.1.1. Bis(2-amino-5-chloro-3-fluoropyridine)dichlorocopper(II) (1). CuCl2 (0.0680 g,
0.506 mM) was dissolved in 13 mL of acetonitrile after 30 minutes of warming and stirring
to yield a clear, yellowish-brown solution, which was allowed to cool. 2-Amino-5-chloro-3-
fluoropyridine (0.1451 g, 0.990 mM) in 5 mL of acetonitrile was added to the CuCl2 solu-
tion at room temperature. The clear, amber solution was left to evaporate at room tempera-
ture. Brown needle-like crystals were recovered by vacuum filtration after one day, washed
with cold acetonitrile, and allowed to air dry to give 0.1115 g (26%). CHN Calcd (found)
for C10H8N4F2Cl4Cu: C, 28.09(28.52); H, 1.88(2.05); N, 13.10(13.39) %. IR (KBr) ν-3437
s, 3326 s, 3191 w, 1638 s (δ HNH), 1600 m, 1509 s, 1425 w, 1342 m, 1206 m, 1091 w, 940
w, 879 m, 805 w, 743 w, 687 w, 567 w, 499 w cm−1.

2.1.2. Bis(2-amino-5-chloro-3-fluoropyridine)dibromocopper(II) (2). CuBr2 (0.1198 g,
0.536 mM) in 11 mL of acetonitrile was added to 2-amino-5-chloro-3-fluoropyridine
(0.1498 g, 1.02 mM) in 5 mL of acetonitrile, generating a dark green solution, which was left
to evaporate at room temperature. After one week, dark prisms (purple when crushed) were
recovered by vacuum filtration, washed with cold acetonitrile, and allowed to air dry to give
0.1891 g (35%). Single crystals (dark plates) were grown through recrystallization of the
prisms from acetonitrile. CHN Calcd (found) for C10H8N4F2Cl2CuBr2: C, 23.26(23.08); H,
1.56(1.74); N, 10.84(10.36) %. IR (KBr) ν-3330 br, 1634 s (δ HNH), 1601 m, 1574 w, 1485
s, 1419 m, 1338 w, 1207 s, 1094 w, 936 m, 890 w, 880 m, 802 w, 697 w, 566 w cm−1.

2.1.3. Bis(2-amino-5-chloro-3-fluoropyridinium) tetrachlorocuprate(II) (3). CuCl2
(0.0660 g, 0.491 mM) in 2 mL of water was added to 2-amino-5-chloro-3-fluoropyridine

Copper(II) complexes 3955
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(0.1496 g, 1.02 mM) in 1.7 mL of 6M HCl, yielding a clear, forest-green solution, which
was left to evaporate at room temperature. After one month, a green single crystal (0.0319
g, 6.2%) was recovered from the solution and manually dried to remove any residual super-
nate. Upon prolonged exposure to oxygen, the surface of the crystal turned red, but the inte-
rior remained green. A larger green single crystal was produced from the supernate after an
additional two weeks. The crystal weighed 0.0756 g (14.6%) for a total yield of 20.8%.
CHN Calcd (found) for C10H10N4F2Cl6Cu: C, 24.00(24.38); H, 2.01(2.16); N, 11.19(11.28)
%. IR (KBr) ν-3337 m, 3289 m, 3220 m, 3151 m, 3076 m, 2992 m (ν N–H, C–H) 1673 s (δ
HNH), 1613 s, 1567 m, 1186 m, 936 m, 662 m cm−1.

2.1.4. Bis(2-amino-5-chloro-3-fluoropyridinium) tetrabromocuprate(II) (4). CuBr2
(0.1295 g, 0.0579mM) in 2 mL of water was added to 2-amino-5-chloro-3-fluoropyridine
(0.1402 g, 0.0957mM) in 2.6 mL of 6M HBr, yielding a dark red solution which was left to
evaporate at room temperature until the volume reduced to 2 mL (~three months) and was
subsequently placed in a desiccator. After six weeks, purple plates were recovered by vacuum
filtration, washed with cold water, and allowed to air dry to give 0.2298 g (33%). CHN Calcd
(found) for C10H10N4F2Cl2CuBr4: C, 17.71(17.51); H, 1.48(1.82); N, 8.25(7.92) %. IR (KBr)
ν-3289m, 3238m, 3147m, 3037m (ν N–H, C–H) 1669 s (δ HNH), 1615 s, 1567 s, 1411m,
1339m, 1281m, 1190m, 937m, 802 w, 757 w, 663 w, 563 w cm−1.

2.2. X-ray data collection

Data for 1–4 were collected on an Agilent Technologies/CrysAlisPro system with Cu Kα
radiation (λ = 1.5418 Å) using ω scans for data collection at 120.0(1) K. Cell parameters
were determined and refined using CrysAlisPro [22]. Absorption corrections were made via
SADABS [23]. The structures were solved by direct methods and refined via least-squares
analysis using SHELX97-2 [24]. All nonhydrogen atoms were refined anisotropically.
Hydrogen atoms bonded to N were located in the difference maps and their positions
refined using fixed isotropic thermal parameters. Hydrogen atoms bonded to C were located
geometrically and refined using a riding model with fixed isotropic U-values.
Crystallographic data may be found in table 1. Selected bond lengths and angles are given
in table 2. Hydrogen bond data are given in table 3. The structures have been deposited in
the CCDC (1, 952164; 2, 952165; 3, 952166; 4, 952167). A Bruker D8 powder X-ray dif-
fractometer was used to verify that powder samples used for magnetic measurements were
pure and the same phase as the single crystal.

2.3. Magnetic susceptibility data collection

Magnetic data were collected using a Quantum Design MPMS-XL SQUID magnetometer.
Finely ground samples of the crystals were packed into gelatin capsules. The magnetic
moment was measured as a function of field from 0 to 50 kOe at 1.8 K. Several data points
were also collected as the field was brought back to 0 kOe to check for hysteresis; none was
observed. Temperature-dependent magnetization data were collected in a 1 kOe field from
1.8 to 310 K. The contribution from the sample holder was measured separately and
subtracted from all data-sets. A temperature-independent magnetism correction of 60 × 10−6

for copper(II) was applied. Diamagnetic corrections were estimated from Pascal’s constants
[25].

3956 B.L. Solomon et al.
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3. Results and discussion

Reaction of CuX2 with 3,5-FCAP in acetonitrile yielded [(3,5-FCAP)2CuX2] (scheme 2)
[X = Cl (1), Br (2)] in yields of 26 and 35%, respectively. Crystals of 1 suitable for X-ray
diffraction were obtained by slow evaporation of the solutions. Suitable crystals of 2 were
obtained from recrystallization of the original product in acetonitrile.

Similarly, reaction of CuX2 with 3,5-FCAP in aqueous HX yielded [(3,5-FCAPH)CuX4]
(scheme 3) [X = Cl (3), Br (4)] in yields of 21% and 33%, respectively. Crystals of 3 and 4
suitable for X-ray diffraction were obtained by slow evaporation of the aqueous solutions.

3.1. Crystal structure analysis

3.1.1. [(3,5-FCAP)2CuCl2] (1). Compound 1 crystallizes in the triclinic space group P-1.
The molecular unit is shown in figure 1. The copper ion lies on a crystallographic inversion
center and has a nearly square planar geometry with a 91.06(6)° N1–Cu–Cl1 bond angle
with trans angles of 180° as required by the symmetry. The Cu–Cl1 bond length is 2.2594
(7) Å, typical of other substituted dichlorocopper pyridine compounds, which have bond

Table 1. X-ray data for 1–4. Large peaks and holes in 4 are less than 1 Å away from bromides.

Compound 1 2 3 4

Empirical formula C10H8N4F2Cl4Cu C10H8N4F2Cl2CuBr2 C10H10N4F2Cl6Cu C10H10N4F2Cl2CuBr4
Molecular weight 427.54 516.46 500.46 678.3
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P21/c P21/c
a (Å) 3.8337(3) 6.7932(5) 8.1857(3) 8.42756(18)
b (Å) 7.5886(8) 10.1538(9) 8.0077(3) 13.5129(3)
c (Å) 12.6478(13) 12.2696(8) 13.1978(4) 16.9097(4)
α (°) 104.996(9) 106.774(7) 90 90
β (°) 92.710(7) 93.631(6) 97.348(3) 101.988(2)
γ (°) 92.586(8) 107.946(7) 90 90
T (K) 120.01(10) 120.01(10) 120.01(10) 120.00(10)
λ (Å) 1.54184 1.54184 1.54184 1.54184
V (Å3) 354.40(6) 760.04(10) 858.00(5) 1883.69(7)
Z 1 2 2 4
DCalcd (Mg/m3) 2.003 2.257 1.937 2.392
Absorption coefficient

(mm−1)
9.318 11.616 10.607 14.385

F (0 0 0) 211 494 494 1276
Crystal size (mm) 0.56 × 0.05 ×

0.03
0.18 × 0.18 × 0.18 0.4 × 0.3 × 0.1 0.2 × 0.12 × 0.04

θmin, θmax (°) 11.63, 74.12 3.82, 73.84 5.45, 73.72 4.22, 73.87
Index ranges −4 ≤ h ≤ 4 −8 ≤ h ≤ 8 −8 ≤ h ≤ 10 −8 ≤ h ≤ 10

−9 ≤ k ≤ 9 −11 ≤ k ≤ 12 −9 ≤ k ≤ 7 −16 ≤ k ≤ 15
−15 ≤ l ≤ 15 −15 ≤ l ≤ 11 −15 ≤ l ≤ 16 −20 ≤ l ≤ 20

Reflections collected 2815 4115 2225 4756
Independent reflections 1172 2957 1627 3716
Max./min. trans. factors 1.00000/0.42857 1.00000/0.64980 1.00000/0.29042 1.00000/0.13927
No. of restraints/

parameters
0/103 2/206 1/113 0/226

Final R1, wR2 [I > 2σ(I)] 0.0318, 0.0824 0.0224, 0.0625 0.0351, 0.0977 0.0468, 0.1406
Goodness-of-fit on F2 1.058 1.098 1.076 1.14
Largest peak and hole (e

Å−3)
0.46 and −0.38 0.42 and −0.69 0.56 and −1.04 1.24 and −1.46

Copper(II) complexes 3957
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lengths ranging from 2.220 to 2.304 Å [26–28]. The substituted pyridine ring is nearly pla-
nar with a mean deviation of the constituent atoms of 0.0177 Å from the mean plane. N2 is
0.0965 Å out of the plane, which is most likely due to hydrogen bonding. Bond lengths and

Table 2. Bond lengths (Å) and angles (°) for 1–4.

Bond lengths 1 2 3 4

Cu–X1 2.2594(7) 2.4220(5) 2.2621(5) 2.3782(9)
Cu–X2 2.6754(5) 2.2775(6) 2.3920(9)
Cu–X2A 2.5265(5)
Cu–X3 2.3721(9)
Cu–X4 2.3844(9)
Cu–N1/Cu–N11 2.085(2) 2.014(2)/2.017(2)
N1–C2/N11–C12 1.348(4) 1.356(4)/1.350(3) 1.345(3) 1.349(7)/1.335(7)
N1–C6/N11–C16 1.361(3) 1.350(4)/1.350(4) 1.365(3) 1.366(8)/1.373(7)
C2–N2/C12–N12 1.335(4) 1.344(4)/1.367(4) 1.326(3) 1.332(7)/1.330(7)
C3–F3/C13–F13 1.350(3) 1.349(3)/1.353(3) 1.336(3) 1.345(6)/1.339(7)
C5–Cl5/C15–Cl15 1.731(3) 1.735(3)/1.731(3) 1.728(2) 1.720(6)/1.725(5)
N1–H1/N11–H11 0.79(3) 0.92(8)/0.88(8)

Bond angles 1 2 3 4
X1–Cu–X2 158.45(2) 89.41(2) 96.03(3)
X1–Cu–X1A 180
X1–Cu–X2A 110.789(18) 90.59(2)
X2–Cu–X2A 90.725(16)
X1–Cu–X3 136.99(4)
X1–Cu–X4 97.25(3)
X2–Cu–X3 96.73(3)
X3–Cu–X4 98.42(3)
X1–Cu–N1/X1–Cu–N11 91.06(6) 89.71(6)/86.97(6)
N1–Cu–N11 167.02(10)
C2–N1–C6/C12–N11–C16 118.2(2) 119.6(2)/119.7(2) 124.3(2) 124.3(5)/123.9(5)

Table 3. Hydrogen bonding parameters for 1–4.

D–H⋅⋅⋅A d(D–H) d(H⋅⋅⋅A) d(D⋅⋅⋅A) \(DHA)

Compound 1
N2–H2A⋅⋅⋅Cl1A 0.82(4) 2.40(4) 3.197(3) 162(4)
N2–H2B⋅⋅⋅Cl1B 0.87(4) 2.56(4) 3.295(3) 143(4)
Compound 2
N2–H2B⋅⋅⋅Br1C 0.83(2) 2.75(2) 3.495(3) 150(3)
N12–H12B⋅⋅⋅Br1A 0.84(4) 2.70(4) 3.500(3) 159(3)
N12–H12A⋅⋅⋅Br2D 0.82(4) 2.66(4) 3.388(3) 148(3)
N12–H12B⋅⋅⋅F13 0.84(4) 2.32(3) 2.741(3) 111(3)
Compound 3
N1–H1⋅⋅⋅Cl1 0.79(3) 2.61(3) 3.217(2) 134(3)
N1–H1⋅⋅⋅Cl2 0.79(3) 2.60(3) 3.310(2) 150(3)
N2–H2A⋅⋅⋅Cl2 0.82(2) 2.51(2) 3.255(2) 151(3)
N2–H2B⋅⋅⋅Cl1E 0.90(4) 2.34(4) 3.222(2) 166(3)
Compound 4
N1–H1⋅⋅⋅Br1 0.92(8) 2.63(7) 3.337(5) 134(6)
N1–H1⋅⋅⋅Br2 0.92(8) 2.88(7) 3.664(5) 145(6)
N2–H2A⋅⋅⋅Br2 0.84(8) 2.59(8) 3.400(5) 163(7)
N2–H2B⋅⋅⋅Br1A 0.84(8) 2.61(8) 3.449(6) 175(7)
N11–H11⋅⋅⋅Br3A 0.88(8) 2.66(7) 3.330(5) 134(6)
N12–H12B⋅⋅⋅Br3 0.85(8) 2.68(8) 3.497(6) 164(7)
N12–H12A⋅⋅⋅Br4A 0.82(8) 2.61(9) 3.419(5) 172(7)

Note: Symmetry operations: A = x + 1, y, z; B = x + 1, y, z + 1; C = x + 2, y + 2, z + 1; D = x + 1, y + 1, z + 1; E
= x, y − 1, z.

3958 B.L. Solomon et al.
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angles within the pyridine ring are similar to those found in [(2-amino-3,5-dichloropyridine)
CuCl2] [29].

The only marked difference is the 3-position, where the C–F bond is ~0.2 Å shorter than
the C–Cl bond as expected. The pyridine ring is canted 36.4° with respect to the normal of
the copper coordination plane and inclined 13.0° from the Cu–N1 axis.

Compound 1 crystallizes as halide bi-bridged chains parallel to the a-axis (see figure 2).
The chains are formed, parallel to the a-axis, by long Cu⋅⋅⋅Cl contacts (2.9745(6) Å). The
Cu–Cl–Cu bridging angle is 93.18(2)°. Intermolecular hydrogen bonds through H2A with
an N2⋅⋅⋅Cl1 distance of 3.197(3) Å help to stabilize the bi-bridged chains. H2B links the

Scheme 2. Preparation of 1 and 2.

Scheme 3. Preparation of 3 and 4.

Figure 1. Thermal ellipsoid plot of the molecular unit of 1 showing 50% probability ellipsoids. Only the asym-
metric unit, copper coordination sphere, and hydrogen atoms whose positions were refined are labeled.
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chains parallel to the b-axis through a second hydrogen bond and a N(2)⋅⋅⋅Cl(1) distance of
3.295(3) Å. The substituted pyridine rings adopt an anti-conformation with respect to the
amino substituents to achieve these connectivities. Full hydrogen bond parameters are listed
in table 3. The packing diagram of 1 shows hydrogen bonds linking the chains (see
figure 3).

3.1.2. [(3,5-FCAP)2CuBr2] (2). Compound 2 crystallizes in the triclinic space group P-1.
There are two molecules in the unit cell which are situated across a crystallographic inver-
sion center to form dimers (figure 4). The coordination geometry about each Cu(II) ion is
square pyramidal based on the continuous symmetry measure with values of SC4v = 1.6
(square pyramidal) compared to SD3h = 4.9 (trigonal bipyramidal) [30, 31]. The Cu(II) ion
sits 0.212 Å above the mean coordination plane. The trans N and Br angles about the cop-
per ion are 167.02(10)° for N1–Cu–N11 and 158.45(2)° for Br1–Cu–Br2. The bromide
bridges provide an axial/equatorial link between Cu ions and the Cu–Br bond lengths are

Figure 3. Packing diagram of 1 viewed parallel to the a-axis. Dotted lines represent hydrogen bonds and Cu⋅⋅⋅Cl
contacts.

Figure 2. Chain structure of 1 formed by intermolecular Cu–Cl contacts, viewed parallel to the c-axis.
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2.5265(5) for Cu–Br2A and 2.6754(5) for Cu–Br2, the axial and equatorial positions. The
Cu–Br1 bond length is 2.4220(5) Å and falls within the 2.393–2.451 Å bond length range
found in other substituted dibromocopper pyridine compounds [4, 32, 33]. The Cu–Br–Cu
bridging angle is 89.275(16)°.

The N1 and N11 rings are nearly perpendicular to the dimer with bond angles of 88.15
(6)° for N1–Cu–Br2 and 90.34(6)° for N11–Cu–Br2. Short Br⋅⋅⋅Br contacts (dBr…Br =
3.742 Å, θCu–Br2…Br2a = 120.9°) link dimers. A staggered chain of dimers is formed parallel
to the a-axis through these contacts. Hydrogen bonding links one chain of dimers with the
nearest chain through the H2B⋅⋅⋅Br1 contact and provides additional linkages for the same
chains through the H12B⋅⋅⋅Br1 contact (see figure 5). An intramolecular fluorine hydrogen

Figure 4. Thermal ellipsoid plot of the dimeric structure of 2 showing 50% probability ellipsoids. Only the asym-
metric unit, copper coordination sphere, and hydrogen atoms whose positions were refined are labeled.

Figure 5. Thermal ellipsoid plot showing non-bonding contacts in 2. Dotted lines represent hydrogen bonds and
halogen–halogen contacts.
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contact is also present in the structure (see table 3), but is likely the result of the proximity
of the two substituents on the pyridine ring. Strong halogen bonds between Cl15⋅⋅⋅F3
(dCl5…F3 = 2.999 Å, θC15–Cl15…F3 = 163.3°, and θCl15…F3–C3 = 152.0°) link chains of ligands
parallel to the c-axis. These contacts are shown in figure 5. The full crystal structure is
given in figure 6.

3.1.3. (3,5-FCAPH)2[CuCl4] (3). Compound 3 crystallizes in the monoclinic space group
P21/c. The molecular unit is shown in figure 7. The copper ion again lies on a crystallo-
graphic inversion center, as for 1. The bond lengths for Cu–Cl1 (2.2621(5) Å) and Cu1–Cl2
(2.2775(6) Å) are comparable to other tetrachlorocuprate salts [4, 34, 35]. The geometry
about the copper ion is nearly square planar with a 89.42(2)° Cl1–Cu–Cl2 bond angle with

Figure 6. The crystal structure of 2 showing the formation of chains of dimers parallel to the a-axis via Br⋅⋅⋅Br
contacts. Dotted lines represent hydrogen bonds and bromide–bromide contacts.

Figure 7. Thermal ellipsoid plot of the molecular unit of 3 showing 50% probability ellipsoids. Only the asym-
metric unit, copper coordination sphere, and hydrogen atoms whose positions were refined are labeled.
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trans angles of 180° as required by the symmetry. The pyridine rings are nearly planar with
a deviation from the mean plane of 0.0051 Å. Bond lengths and angles within the ring are
very similar to those found in the 2-amino-3,5-dichloropyridinium cation [36]. The only
marked difference is in the 3-position, where the C–F bond is ~0.2 Å shorter than the C–Cl
bond as expected.

Individual tetrachlorocuprate anions, related by unit cell translations, show close contacts
(see table 4), forming two-halide bridged chains parallel to the b-axis (figure 8). Hydrogen
bonds between the chloride ions of [CuCl4]

2− groups and both the amino and pyridinium
hydrogens atoms of the 3,5-FCAPH ions stabilize the structure in the plane of the tetrachlo-
rocuprate anions. Additionally, pyridinium ions that are hydrogen bonded to [CuCl4]

2− sta-
bilize the packing structure via interactions between a halogen on the organic ion and a
halide ion bonded to a copper ion as described by Willett [37, 38] and observed in related
compounds (figure 8) [29, 34]. Contacts are observed between F3 and Cl2 (dCl2…F3 = 3.224
Å, θCu1–Cl2…F3 = 99.5°, and θCl2…F3–C3 = 84.5°) and symmetry related Cl5 (dCl…Cl = 3.304
Å, θC5–Cl5…Cl5A = 147.0°). The chains are fairly well isolated as a distance of greater than
5.8 Å separates Cl1 from the closest chloride ion of the nearest chain. The crystal packs in
sheets of cations and anions in an AABAAB fashion parallel to the bc-face (figure 9).

Table 4. Contact parameters for halide–halide contacts in 3 and 4. τ is the dihedral angle Cu–X1⋅⋅⋅X2–Cu.

Compound X1 X2 X–X (Å) Cu–X1⋅⋅⋅X2 (°) X1⋯X2–Cu (°) τ (°)

3 Cl2 Cl2 3.965 139.9 139.9 −180.0
4 Br1 Br3 4.385 111.9 105.0 154.0

Br1 Br4 4.405 141.8 104.2 84.2
Br2 Br4 4.142 149.5 147.1 −100.1

Figure 8. Geometry of 3,5-FCAPH cations about [CuCl4]
2− of 3. Dotted lines represent hydrogen bonds and short

chloride–chloride contacts.
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Figure 9. Crystal structure of 3 viewed parallel to the b-axis. Dotted lines represent hydrogen bonds and chlo-
ride–fluorine contacts.

Figure 10. Thermal ellipsoid plot of the molecular unit of 4 showing 50% probability ellipsoids. Only hydrogen
atoms whose positions were refined are labeled.

Figure 11. Rectangular structure of CuBr4
2− of 4 viewed perpendicular to the ab-face. Dotted lines represent bro-

mide–bromide contacts.
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3.1.4. (3,5-FCAPH)2[CuBr4] (4). Compound 4 crystallizes in the monoclinic space group
P21/c. The molecular unit is shown in figure 10. The Cu–Br bond lengths are nearly identi-
cal, ranging from 2.3721(9) to 2.3920(9) Å (see table 2). The tetrabromocuprate ion is sig-
nificantly distorted from tetrahedral with a mean trans angle of 138.8(4)°. Bond lengths and
angles within the 3,5-FCAPH ion are the same within experimental error to those seen in 3.
Both pyridinium rings are nearly planar (mean deviations of 0.0061 and 0.0097 Å for N1
and N11 rings, respectively). Compound 4 exhibits three short contacts between halides
ions of tetrabromocuprate ions (see table 4, figure 11). These contacts form a pleated sheet
of CuBr4

2− groups parallel to the ab-face. The structure is stabilized by multiple hydrogen
bonds from 3,5-FCAPH ions (see table 3). The cations crystallize between the sheets of tet-
rabromocuprate ions and pack in an ABBA fashion (figure 12). Additionally, there are three
halogen–halogen contacts and one halogen–halide contact present in the structure. There
are halogen–halogen contacts between symmetry-related F3 atoms (dF…F = 2.768 Å and
θC3–F3…F3a = 102.6°) and Cl5 and Cl15 (dCl…Cl = 3.576 Å, θC5–Cl5…Cl15 = 138.8°, and θCl5…
Cl15–C15 = 121.9°). The contacts formed by F13 are bifurcated. F13 has contacts with itself
via a unit cell translation (dF…F = 2.715 Å and θC13–F13…F13A = 126.8°) and Br3 (dF…Br =
3.273 Å, θC13–F13…Br3 = 131.4°, and θF13…Br3–Cu = 133.0°).

3.2. Magnetic studies

Susceptibility data were collected for 1–4 from 1.8 to 310 K in a 1 kOe field. The data for 1
and 3 were fit to models for the S = 1/2 uniform anti-ferromagnetic chain using the Hamilto-
nian Ĥ = −ΣA,BJABŜA·ŜB [39]. Included in the model were variables for a Weiss correction
to account for interchain interactions and a possible paramagnetic impurity. The Weiss cor-
rection improved the quality of the fit slightly for 1, but the value of θ indicates that inter-
chain interactions are negligible. The even smaller θ value for 3 shows how well isolated
the chains are. Data for 2 were fit to the model for an anti-ferromagnetic dimer [40] with a
Weiss correction and paramagnetic impurity. The small value for θ indicates that interdimer
interactions are negligible. The increase in magnetic susceptibility at very low temperatures
is caused by a trace paramagnetic impurity. Data for 4 were fit to the rectangular 2-D-Hei-
senberg anti-ferromagnetic model [3]. The low value of α indicates that weak interactions

Figure 12. Crystal structure of 4 showing the pleated sheets formed by both [CuBr4]
2− and FCAPH in the crystal.

Dotted lines represent hydrogen bonds and halogen⋅⋅⋅halogen contacts.
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between the chains are present. Data for 4 were also fit to a uniform anti-ferromagnetic
chain with a Weiss correction for interchain interactions, which gave a value for θ similar
to αJ/kB, but produced a poorer fit in the region of χmax. Plots of χm versus T for 1–4 are
shown in figures 13–16 along with the best fits to their respective models, with the best-fit
parameters given in table 5. The data for 1–4 show good agreement with their respective
models.

The magnetic susceptibilities of 1, 3, and 4 increase with decreasing temperature. A max-
imum at 2.3 K is observed in 1, indicating weak anti-ferromagnetic interactions. Weak anti-
ferromagnetic interactions are also present in 4, where a maximum at 5.8 K is observed.
Compound 3 exhibits very weak anti-ferromagnetic interactions with no maximum observed
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Figure 13. χm vs. T (○) data for 1 in a 1 kOe applied field. The solid line represents the best fit to a linear chain
model. The inset shows an expansion from 1.5 to 10 K.
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Figure 14. χm vs. T (○) data for 2 in a 1 kOe applied field. The solid line represents the best fit to a dimer model.
The inset shows an expansion from 1.5 to 40 K.
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at low temperatures. This results in an apparently high ‘impurity’ from the fitting of the
magnetic data (as the magnetic exchange approaches zero, the data can be fit equally well
to any magnetic model, or to an increasing % paramagnetic impurity, regardless of the
chemical purity of the sample). No impurity was detected by powder X-ray diffraction.
Compound 2 exhibits much stronger interactions than 1, 3, or 4. The magnetic susceptibility
of 2 increases with decreasing temperature until a maximum at 18.6 K is observed. The sus-
ceptibility then decreases very sharply, indicating a singlet ground state as expected for a
dimer.

2 3 4 5 6 7 8 9 10

0 50 100 150 200 250 300
Temperature (K)

0.04

0.06

0.08

0.10

0.14

0.12

0.00

0.02

0.16

0.18

Su
sc

ep
tib

ilit
y 

(e
m

u/
m

ol
)

0.04

0.06

0.08

0.10

0.14

0.12

0.00

0.02

0.16

0.18

Su
sc

ep
tib

ilit
y 

(e
m

u/
m

ol
)

Temperature (K)

Figure 15. χm vs. T (○) data for 3 in a 1 kOe applied field. The solid line represents the best fit to a linear chain
model. The inset shows an expansion from 1.5 to 10 K.
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Figure 16. χm vs. T (○) data for 4 in a 1 kOe applied field. The solid line represents the best fit to a 2-D-Heisen-
berg rectangular model. The inset shows an expansion from 1.5 to 20 K.
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3.3. Discussion

Neutral 1 and 2 crystallize in the triclinic space group P-1, while 3 and 4 crystallize in the
monoclinic space group P21/c. Each compound is unique in terms of its packing structure,
with 1 producing a bi-bridged chain network, 2 yielding a dimer, 3 producing a two-halide
bridged chain, and 4 giving a rectangular sheet via halide⋅⋅⋅halide contacts.

Compound 1 is isostructural with the halide bi-bridged chains formed by [(2-amino-3,5-
dichloropyridine)2CuX2] (X = Cl, Br) [29]. By replacing chlorine in the 3-position with
fluorine, there has not been a significant structural change. However, in the case of the cop-
per bromide complex, 2, a dimeric structure is formed. A major factor influencing the struc-
ture of 2 is that the pyridine ligands adopt a syn conformation with respect to the amino
substituents instead of the anti-conformation present in 1. In the syn conformation, the
amino substituents effectively block one face of the Cu(II) ion, preventing adjacent mole-
cules from approaching each other on that side, thus limiting the bi-halide bridging to for-
mation of a dimeric structure rather than a chain. This has been observed previously in
related structures [4, 11, 41]. In 1, the fluorine substituents do not participate in halogen or
hydrogen bonding, so the halogen and hydrogen bonds made by the fluorine substituents in
2 may influence the change from anti to syn. In 2, an intramolecular hydrogen bond is
formed between fluorine and a proton on the amino substituent on the N11 ring, and a halo-
gen bond is present between the fluorine on the N1 ring and the chlorine on the N11 ring.
These contacts influence the packing pattern of 2 to give a syn conformation for the ligands
and a dimer for the complex. Although magnetic interactions in halide bi-bridged dimers
have not been studied in the same detail as their hydroxide bridged cousins [42], several
such compounds have been reported, including two chloride bi-bridged dimers with
exchange constants of −17 and −23 K [43] in good agreement with the exchange in 2. The
variety of structure and magnetic exchange exhibited in copper(II) bromide systems can be
seen by comparison to a recently published monobromide-bridged complex where even
though the overall coordination geometry at the Cu(II) centers is similar, the geometry of
the bromide-supported bridges is sufficiently modified to support significant ferromagnetic
exchange [44].

Another aspect to consider, in the structural difference between 1 and 2, is that bromide
is a poorer hydrogen bond acceptor and forms stronger halogen bonds than chloride [45,
46]. Compound 1 exhibits hydrogen bonds between the chloride ions and both protons on
the amino substituent to stabilize the bi-bridged chain structure. Only Br1 in 2 is involved
in a hydrogen bond, while Br2 (the bromide that forms the dimer) forms a halogen bond
with a symmetry-related Br2.

Table 5. Best-fit parameters to the respective models for 1–4. P represents the % paramagnetic impurity in the
sample, θ is the Weiss constant, and α is the ratio of the weak exchange constant to the strong exchange constant
in the rectangular model (0 < α < 1).

Compound Model C J/kB (K) θ α (Jʹ/J) p (%) R2

1 Chain 0.4417(9) −3.4(1) −0.27(9) 0.041(6) 0.9998
2 Dimer 0.428(6) −31.3(8) −1.0(9) 1.82(4) 0.994
3 Chain 0.427(1) −1.07(1) −0.01(7) 5.69(4) 0.9996

C–W 0.428(2) −0.6(3) 0.6(2) 0.9999
4 Rect. 0.402(1) −9.46(6) −0.220(1) 0.062(2) 0.999(1) 0.9996

Chain 0.398(1) −9.60(5) 0.498(1) 0.9997
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Compound 3 is isostructural with the two-halide chains formed by (2-amino-3,5-dichloro-
pyridinium)2[CuX4] (X = Cl, Br) [34]. By replacing the chlorine in the 3-position with fluo-
rine, there has not been a significant structural change in the tetrachlorocuprate complex.
The magnetic interactions are particularly weak in 3. The crystal packing suggests a linear
chain magnetic structure arising from Cl⋅⋅⋅Cl through space interactions and the data were
fit to that model yielding the anticipated weak exchange and a negligible value for the inter-
chain exchange (approximated using a Curie–Weiss correction). A fit of the 1/χ (T) data to
the Curie–Weiss law itself yielded comparable results (table 5), confirming the vanishingly
weak exchange. However, in the case of 4, a rectangular sheet is formed for the tetrabromo-
cuprate complex, rather than a chain structure. The weaker hydrogen bonds and stronger
halogen bonds formed by the bromide ions influence this change in packing. There is only
one chloride–chloride contact present in 3 because hydrogen bond formation to chloride
ions by amino and pyridinium protons effectively blocks the formation of short Cl1⋅⋅⋅Cl1
contacts, creating isolated tetrachlorocuprate chains. In 4, hydrogen bonds are more numer-
ous, but weaker than in 3, and three bromide–bromide contacts are formed to yield a rectan-
gular sheet. Weaker hydrogen bonds also allow 3,5-FCAPH ions to attain geometries not
present in 3. In 4, fluorine atoms account for a single halogen–halide contact and two halo-
gen–halogen contacts, with an additional contact between chlorines. Compound 3 contains
two halogen–halogen contacts, which are stronger than the halogen–halogen contacts pres-
ent in 4. However, the two additional halogen–halide contacts in 4 modify the crystal pack-
ing and aid in the formation of the pleated sheets. The magnetic data were fit to both the
rectangular model and a uniform chain model using a Curie–Weiss correction to account
for interchain interactions and, as expected, are larger for the bromide complex, 4, than for
3. The fitted exchange values from the two models are nearly the same within experimental
error. This correlates well with the structural aspects. The strength of the magnetic exchange
via the two-halide pathway is affected not only by the halide…halide distance but also by
the Cu–X…X angles, with larger exchange seen as the angle approaches 180° [18]. Analy-
sis of the contacts in 4 shows that although there are three potential contacts based solely
on Br…Br distances, one is anticipated to be significantly stronger as it has the shortest
Br…Br distance and the largest Cu–Br…Br angles. This is in agreement with the fitted data
showing only one significant magnetic exchange pathway.

These new compounds expand the variety of lattice types in copper halide pyridine com-
plexes that use fluorine as a substituent. Prior to the preparation and characterization of
1–4, only distorted honeycomb lattices and ladder motifs had been observed [20, 21].
2-Amino-3,5-dichloropyridine and 2-amino-3,5-dibromopyridine produced isostructural
coordination complexes when changing the halide from Cl to Br [29]. This was also the
case for the tetrachlorocuprates and tetrabromocuprates produced by the protonated form of
these organic species [34]. This was not the case for 3,5-FCAP, as changing the halide pro-
duced changes in both the structures and magnetic properties of the materials. Although
copper chloride and bromide compounds are frequently isostructural, the differences
observed here are not unique [4, 20, 41]. What is unique is the specific effects of fluorine in
terms of nonbonding contacts and its effect on crystal structures. By comparing fluorine to
other substituents, greater insight is gained into crystal packing patterns and consequent
magnetic interactions. This suggests that further work is needed to study how replacing
substituents with fluorine can tune the crystal structure and magnetic properties.
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