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A new complex bis(hexafluoroacetylacetonato)tetrazinecopper(ll), Cu(hfac),(tetz) (1), has
been prepared by reaction of Cu(hfac), - xH,O and 1,2,4,5-tetrazine in CH,Cl,. Orange
crystals suitable for X-ray diffraction analysis of 1 were obtained by slow evaporation at
room temperature. Complex 1 crystallizes in the triclinic space group P1, with a =11.4825(7),
b=13.4950(8), c¢=13.8328(8)A, «=104.990(1), p=111.888(1), y=94.245(1)°, V=
1886.23(19) A%, R; =0.0507 based on 6814 independent reflections. The complex is unstable
at room temperature and decomposes with loss of the tetz ligand. Differential scan-
ning calorimetry (DSC) and magnetic properties are reported.

Keywords: Bis(hexafluoroacetylacetonato)tetrazinecopper(Il); 1,2,4,5-Tetrazine; DSC;
Magnetic susceptibility; Crystal structure

1. Introduction

Electronic interactions, especially magnetic exchange interactions, between transition
metal ions linked by bridging groups are part of an old, active and heavily explored
field, although still full of challenging problems [1]. The use of diazines, such as
pyrazine, pyrimidine, quinoxaline, and phenazine, as bridging ligands has a long
history in coordination chemistry and magnetochemistry [2-4]. Pyrazine (pz) and
its derivatives especially, in spite of their low basicity (for pyrazine pK,; =0.65 [5]),
are widely used as bridging bidentate ligands giving rise to dimers, such as
[(NH3)sRu(I)-pz-Ru(IIT)(NHj5)s] [4] and linear chains, such as [Cu(hfac),-pz] [6].
Hatfield and co-workers studied the magnetism of two related linear chain copper(II)
complexes with pyrazine bridges. In the coordination polymer [Cu(hfac),(pz)],, no
superexchange interaction was observed in the magnetic susceptibility data down to
1.8 K [7]. The absence of exchange interaction was attributed to the fact that the
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pyrazine plane lies in the xz plane of the Cu(hfac), unit, where the copper(Il) ground
state is d,._,. and there is no effective w-orbital pathway available on the pyrazine.
On the other hand, the pyrazine-bridged coordination polymer [Cu(pz)(NOs),] [7] has
shown antiferromagnetic chain-like behavior which was described by the Heisenberg
linear-chain model [8]. In this case, the pyrazine groups lie canted about 50° from the
copper xy plane, which allows for d,._,.—m (bs) overlap and leads to a m-orbital
pathway for pyrazine superexchange interactions. We are interested in the effect of
using 1,2,4,5-tetrazine (tetz) instead of pyrazine on metal-metal superexchange
interactions. The obvious attraction of tetrazine for coordination chemistry lies in its
potential for multiple metal binding sites. Chains or layers will be expected if two or
four nitrogen atoms take part in the coordination, respectively. The general topic of
coordination chemistry of 1,2,4,5-tetrazines has been recently reviewed [9]. Several
complexes with 3,6-disubstituted tetz derivatives were synthesized and studied by
powder X-ray diffraction [9]. No structures have been reported for complexes of
neutral tetz as a ligand, however, a crystal structure of the Ti(IV) complex of the
corresponding dianion has been reported [10]. A few compounds of tetz have been
characterized by IR or NMR techniques [11]. Perhaps the difficulty in synthesis and
the thermal and photochemical instability of tetz itself have contributed to the relative
scarcity of well-defined coordination compounds of tetz and its derivatives.

We have long been interested in the synthesis of new low-dimensional magnetic
systems and have prepared and studied a number of linear chain [12-14] and square
layer systems [15, 16]. We report here the synthesis, structure, thermal properties and
powder magnetic susceptibility of bis(hexafluoroacetylacetonato)tetrazinecopper(Il),
Cu(hfac),(tetz) (1).

2. Experimental

All reagents were obtained from Aldrich or Fluka and used without further
purification. FT-IR-spectra were recorded using KBr pellets on a Perkin Elmer
Paragon 500 Spectrometer (4000450 cm™") or using a carefully selected orange crystal
(for complex 1) on an IlluminatIR manufactured by Smithes Detection and coupled
to an Olympus BX-50 microscope (4000-650cm™"). '"HNMR and "*CNMR spectra
of the ligand tetrazine were recorded on a Bruker 200 MHz spectrometer at room
temperature using CDCl; as solvent and TMS as internal standard.

2.1. Synthesis

2.1.1. 1,2,4,5-Tetrazine, C,H,N4. 1,2,4,5-Tetrazine was synthesized from formami-
dine acetate and hydrazine monohydrate in a one-pot procedure [17]. Hydrazine
monohydrate (30.10 g, 0.60 mol) was added dropwise to formamidine acetate (30.05 g,
0.29mol) in 50mL MeOH with stirring at 0°C. Glacial acetic acid (95.0mL) was
added slowly over a period of about 90 min at 0-10°C. Then, solid NaNO, (37.54 g,
0.544mol) was added to the reaction mixture in small portions, maintaining the
reaction system below 10°C. Stirring was continued for 1h at 10°C and then
for another 1h at room temperature. Finally, solid NaHCO; (62.15g, 0.74mol) and
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water (65mL) were added and the stirring was continued for 30min at room
temperature. The resulting red suspension was vacuum filtered to remove undissolved
NaHCOs;. The filtrate was extracted with CH,Cl, (10 x 25mL). The combined organic
extracts were washed with saturated aqueous NaHCOj3 (3 x 25mL) and water (25mL)
and dried over CaCl,. The solvent was evaporated at room temperature in the dark.
The resulting red solid was purified immediately by sublimation (bath 10°C, cold finger
—56°C, 0.1 Torr). Yield: 1.405¢g (12%). m.p. 96-97°C. IR: 3084(m, sharp), 2942(w),
2401(w), 1885(m), 1445(s), 1201(s), 1148(m), 1105(s), 887(s). 'HNMR (CDCI5):
8 10.4(s). *CNMR(CDCI;): § 161.

2.1.2. Cu(hfac), - xH,0O. The complex Cu(hfac), - xH>O was prepared according to
the literature method [18] and used without further purification. m.p: 120-124°C.
IR: 3683(m, sharp), 3563(w, sharp), 1645(s), 1612(m), 1563(m), 1536(m), 1467(s),
1255(vs), 1217(s, broad), 1148.2(vs), 1108(s), 807(s), 747(m), 680(s), 597(m), 529(w).

2.1.3. Cu(hfac),(C,H,;Ny). A solution of tetz (0.082 g, 1.0 mmol) in 12 mL CH,Cl, was
added dropwise to a stirred solution of Cu(hfac), - xH,O (0.512 g, 1.0 mmol) in 40.0 mL
CH,Cl,. The resulting dark brown solution was stirred for another 0.5 h, followed by
filtration. Orange crystals were harvested after evaporation of almost all of the solvent
at room temperature for one day. Yield: 0.402 g (72%). IR: 1642(m), 1608(w), 1563(w),
1531(w), 1469(m), 1431(w), 1196(m), 1130(vs), 1102(s), 896(m), 803(m), 746(w), 678(m),
666(W).

2.2. Crystal structure determination

Crystals of compound 1 were removed from their container, a suitable crystal
was selected, attached to a glass fiber and data were collected at 298(2) K using
a Bruker/Siemens SMART APEX instrument (Mo K« radiation, »=0.71073 A)
equipped with a Cryocool Neverlce low temperature device. Data were measured
using omega scans of 0.3° per frame for 5s, and a full sphere of data was collected.
A total of 2450 frames were collected with a final resolution of 0.83 A. The first
50 frames were recollected at the end of data collection to monitor for decay. Cell
parameters were retrieved using SMART [19] software and refined using SAINTPlus
[20] on all observed reflections. Data reduction and correction for Lp and decay
were performed using the SAINTPlus software. Absorption corrections were applied
using SADABS [21]. The structure was solved by direct methods and refined by
least squares on F? using the SHELXTL program package [22]. All non-hydrogen
atoms were refined anisotropically. The fluorine atoms of the CF; groups exhibit
large thermal displacements, suggesting some disorder in their positions. Attempts at
modeling these with disordered/split positions led to poorer refinements. No decom-
position was observed during data collection. Details of the data collection and
refinement are given in table 1. Further details are provided in the Supporting
Information.
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Table 1. Crystal data and structure refinement for 1.

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

7 (°) .
Volume (A%)
V4

Density (calculated) (mgm™3)
Absorption coefficient (mm ™)
F(000)

Crystal size (mm?)

6 range for data collection (°)
Index ranges

Reflections collected
Independent reflections

Max. and min. transmission
Solution method

Refinement method
Data/restraints/parameters
Goodness-of-fit on F>

Final R* indices [ > 20(])]
R indices (all data)

Largest diff. peak and hole (e A’3)

CasH 6CugF4sN16046
2238.93
298(2)
0.71073
Triclinic

Pl
11.4825(7)
13.4950(8)
13.8328(8)
104.990(1)
111.888(1)
94.245(1)
1886.23(19)
1

1.971

1.304

1092

0.58 x 0.42 x 0.26

1.59 to 25.25

—13<h<13, —16<k<16, —16</<16
21372

6814 [R(int) =0.0230]

0.713 and 0.508

XS, Bruker SHELXTL v. 6.12
Full-matrix least-squares on F
6814/0/598

1.065

Ry =0.0507, wR, =0.1451
R;=0.0566, wR,=0.1508
0.940 and —0.598

Ry =Y [Fol = [Fel [/X1 Foli wRy = {Y_[w(Fs — FOY )X [w(F) T},

2.3 Stability studies and magnetic measurements

Thermal decomposition studies were carried out on a Perkin Elmer DSC 7 over the
temperature range 25-135°C, at a heating rate of 10°C min~'. Magnetic susceptibility
data were measured on a Quantum Design MPMS XL SQUID magnetometer. Crystals
of complex 1 were powdered and packed into a #3 gelatin capsule. There was no
hysteresis observed in the magnetization of the sample as a function of applied field
from 0 to 5T at 1.8 K. The moment is linear with the applied field up to at least
15000 Oe. Susceptibility data were taken over the temperature range from 1.8 to 325K
in an applied field of 1000 Oe. The data were corrected for temperature-independent
paramagnetism and for the diamagnetism of the constituent atoms using Pascal’s
constants.

3. Result and discussion

3.1. Structure description

Complex 1 crystallizes in the triclinic space group PI. Its molecular geometry
and atomic numbering are shown in figure 1. Selected bond lengths and angles are
listed in table 2.
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Figure 1. Thermal ellipsoid (20% probability level for clarity of overall structure) drawing of the
complex [Cu(hfac),(Co;H,Ny)]s. Only the asymmetric unit is labeled (hydrogen and fluorine atom labels
are omitted for clarity).

In each unit cell, there are four Cu(Il) ions with three different coordination
modes. Cul is bonded to four oxygen atoms from two independent hfac ligands and
a nitrogen atom from a tetz ligand, forming a distorted square pyramid (figure 2a).
The base of this square pyramid consists of four oxygen atoms with a mean deviation
0.011 A from that plane. Cul is shifted 0.18 A above this plane. In this way, an inverted
umbrella structure is formed. The bond lengths Cul-Ol, Cul-02, Cul-0O3 and
Cul—04 are normal [23], varying from 1.927(2) to 1.953(3) A, but the Cul-N11 bond
length is 2.343(3) A, which is longer than the average for Cu—N coordination bonds [24]
and implies that the tetz molecule is weakly coordinated to the metal. Cu2 sits on an
inversion center and is also bonded to four oxygen atoms from two hfac ligands, but
unlike Cul, it coordinates with two nitrogen atoms from two different tetz ligands,
forming a six-coordinate distorted octahedron (figure 2b). Cu2 is in the center and the
distances Cu2-05, Cu2-06 are similar (1.948(2) A, 1.962(2)1& respectively). However,
along the axial direction, the Cu2-N22 distance is longer (2.466(3) A), which again
implies that the tetz molecules are weakly coordinated to the metal, and the bond
length disparity is likely a result of a Jahn-Teller distortion. This agrees with the
observed facile loss of tetz from the complex. Cu3 also lies on an inversion center and
is coordinated with four oxygen atoms from two hfac ligands, forming a nearly
square planar structure with Cu3 in the center. In addition, two nitrogen atoms from
different tetz molecules lie in the axial sites, but with a Cu3-N14 distance of 2.817(4) A,
too long to be considered as a true coordination bond (see figure 2c). Certainly, there
is an intermolecular interaction of some type; the distance is shorter than the sum
of their van der Waals radii.
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Table 2. Selected bond lengths (A) and angles (°) for 1.

Cul Ol 1.938(2) Cul-02 1.927(2)
Cul-03 1.953(3) Cul-04 1.944(3)
Cul-NI11 2.343(3) Cu2-05 1.948(2)
Cu2-06 1.962(2) Cu2-N22 2.466(3)
Cu3-07 1.925(2) Cu3-08 1.931(2)
Cl-F1* 1.322(5) Cl-F2 1.277(6)
CI-F3 1.346(6) C2-01 1.256(4)
C4-02 1.255(4) C7-03 1.257(5)
C9-04 1.234(5) NII-N12 1.313(4)
NI2-C13 1.331(6) CI3-N14 1.329(6)
NI15-N14 1.307(5) N15-C16 1.334(6)
C16-N11 1.302(5) C18-05 1.256(5)
C20-06 1.240(5) N22-N23 1.329(5)
N23-C24 1.306(6) C24-N25 1.313(6)
N25-N26 1.304(7) N26-C27 1.336(7)
C27-N22 1.304(6) C29-07 1.249(4)
C31-08 1.253(4)

02-Cul-O1 92.28(10) 02-Cul-04 86.54(11)
01-Cul-04 170.38(12) 02-Cul-03 169.04(12)
O1-Cul-03 87.59(11) 04-Cul-03 91.75(12)
02-Cul-N11 96.87(11) O1-Cul-N11 93.99(11)
04-Cul-N11 95.64(12) 03-Cul-Nl11 94.07(11)
05-Cu2-06 91.71(11) 05-Cu2-N22 90.68(11)
06-Cu2-N22 95.52(11) 07-Cu3-08 92.69(10)
C16-N11-Cul 124.42) NI2-N11-Cul 117.8(2)
C27-N22-Cu2 131.6(3) N23-N22-Cu2 111.7(2)
C2-01-Cul 125.0(2) C4-02-Cul 125.3(2)
C7-03-Cul 125.2(3) C9-04-Cul 125.6(3)
C18-05-Cu2 124.5(2) C20-06-Cu2 124.2(2)
C29-07-Cu3 123.8(2) C31-08-Cu3 123.7(2)
NI1-N12-C13 116.4(3) N14-C13-N12 125.9(4)
N14-N15-C16 117.0(3) N11-C16-N15 126.1(4)
C24-N23-N22 116.4(4) N23-C24-N25 127.3(5)
N25-N26-C27 116.7(4) N22-C27-N26 126.3(5)

*Representive C—F bond lengths are given.

NN
AR\ | 1y

N14A
(©)

Figure 2. The copper coordination polyhedra. (a) five coordination for Cul; (b) six coordination for Cu2;
(c) four coordination for Cu3 with a weak interaction between center atom Cu3 and the axial nitrogen atoms
(denoted by dash lines).
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It is interesting to compare the two chemically equivalent, but crystallographically
independent tetz molecules. The asymmetric unit can be divided into a trimeric
part and a monomeric part. In the trimeric part, the tetz ring binds to Cul through
NI11 (distance =2.343(3) A), and it also bridges to Cu3 through a weak interaction
between N14 and Cu3 (distance:2.817(3)z&). Thus, the tetz ring behaves as a
pseudo-bidentate ligand in the trimeric unit. On the other hand, in the monomeric
unit the tetz ring coordinates with Cu2 only through N22 (distance =2.466(3) A), as
a monodentate ligand. The uncoordinated end of this ring could potentially occupy
the vacant coordinatoion site on Cul, but the shortest distance between Cul and this
tetz ring is 4.902(4) A (via N26), too far to be considered as any type of interaction.
The differences between corresponding bond lengths and angles of the two rings
are very small (less than 0.015A, or 1°) and usually within experiment error.
In addition, the difference in bond lengths and angles between tetz itself [25] and
the tetz rings in compound 1 are on the same order; another indication that the
coordination is weak.

Throughout the structure, all the carbon and oxygen atoms in the same hfac moiety
are planar with a maximum mean deviation of 0.03 A. Also, the tetz molecules are
planar with a maximum mean deviation of 0.01 A; angles between the tetz ring and
the Cu-hfac planes range from 75.2 to 86.4°. This is in distinct contrast to the structure
of the reported titanocene derivative [10] where the tetrazine dianion rings are highly
distorted, as expected for the reduced ligand. The tetz dianion is a much stronger
ligand, as would be expected due to its increased electron density, and exhibits
stronger coordination characteristics as seen in the much shorter M—N bond lengths
[dri n=2.028(5) and 2.132(5) A].

A packing diagram of 1 is shown in figure 3. Through the weak interaction between
the tetz ligand and copper, the five-coordinated Cul is connected with a four-
coordinated Cu3 which again connects with another five-coordinated copper, forming
a trimeric unit. On the other hand, in its coordination to Cu2, the tetz behaves
as a monodentate ligand, forming an octahedral unit. The desired chain or layer
structures are not obtained due to the poor coordination ability of the ligand.

3.2. DSC study

DSC data show two endotherms at low temperature. One smaller endothermic process
occurred at 48°C and the second larger endotherm occurred at 67°C. No endotherm
was observed near the melting point of the tetz ligand (95-99°C). Above 70°C, the
DSC curve agrees with the behavior of pure Cu(hfac), - xH,O with a large endotherm
observed at 117°C.

It is interesting to consider the coordination ability of the tetz. Compared with
pyridine (pK,=15.3), pyrazine is a weaker base (pK,=0.65) [5] because of its more
uniform distribution of electron density to the two nitrogen atoms compared to the
one nitrogen atom in the pyridine. For the same reason, tetrazine has four nitrogen
atoms and only two carbon atoms. The electron cloud from the polar C-N bonds
can be evenly distributed over the four nitrogen atoms. As a result, tetrazine is expected
to be a weaker base and poorer electron donor than pyrazine. This is probably
why there are few coordination complexes of tetrazine reported in the literature.
Indeed, attempts to prepare related complexes of tetrazine with CuBr,, Cu(NO3),,
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Figure 3. Packing diagram of 1, viewed parallel to the « axis (hydrogen and fluorine atoms are omitted
for clarity).

CuCl,, Cu(ClOy),, Cu(acac), were unsuccessful. A tetz complex could only be isolated
with the use of the strong Lewis acid Cu(hfac),.

The poor coordination ability of tetz is also reflected by the thermal stability of the
complex. At room temperature, tetrazine sublimes readily and decomposes photo-
chemically. The two endothermic peaks at 48 and 67°C from the DSC studies of 1 can
be attributed to the loss of tetrazine due to the weak interaction of the ligand with the
metal. The dissociation of tetrazine can be also verified by the observed color change.
When the complex was heated in air, a color change from orange to green [the
characteristic color of Cu(hfac), - xH>O] was observed, beginning just above room
temperature. The change was completed by 81°C. When the temperature was raised
above 81°C, a further color change from green to brown was observed. The remaining
Cu(hfac), began to melt at 117°C, in agreement with the large endotherm observed in
the DSC data.

3.3. Magnetic properties

Magnetization data as a function of field were collected for complex 1 at 1.§ K from
0 to 5Tesla. A smooth curve was obtained and the long moment varied linearly with
the applied field up to 15kOe. Magnetization data as a function of temperature were
collected at 1000 Oe from 1.8 to 325 K. Figure 4 shows the results plotted as yx versus
T and xT versus T. No maximum was observed in x versus T and the x7 product is
virtually constant over the entire temperature range, indicating a lack of internal
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Figure 4. Magnetic susceptibility vs. temperature (CHI vs. 7' (K)) and CHI * T vs. temperature (K) for 1.

exchange interactions. It is a paramagnetic material with a Curie constant of 0.465 at
high temperature, slightly higher than expected for a Cu(Il) compound with S=1/2.

The calculated g value for 1 is 2.23 from the observed Curie constant. This is
a little high if compared with ideal tetrahedral structure of Cu(II) complex (g=2.0023
for Ty4). If we consider the complicated structure of 1 with different coordination
polyhedrons and geometry, it is not unexpected to obtain a higher g value. Similar
examples have been reported previously [26]. Furthermore, the dissociation and loss
of some tetz at room temperature during sample preparation would also contribute
a higher observed Curie constant when the magnetic data were processed using the
molecule weight of the pure material.

4. Conclusions

The new complex bis(hexafluoroacetylacetonato)tetrazinecopper(Il), characterized
by X-ray diffraction, DSC analysis and magnetic susceptibility measurements,
represents the first structure of a complex containing neutral tetz as a ligand. Tetz
is a poor ligand and exhibits weak interactions with the metal. As a result, it is easily
lost from the complex even at room temperature, as verified by the DSC study.
Magnetic data show the complex is a paramagnetic material without significant
exchange interactions.

Supplementary data

Crystallographic data for the structure reported in this article have been deposited
in the Cambridge Crystallographic Data Center, CCDC No. 276447. Copies of the
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data can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk).
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