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Copper coordination compounds of the ligand 1,6-bis(3,5-dimethyl-1-
pyrazolyl)-2,5-dithiahexane (bddh). X-ray structures of
[Cu(bddh)],(BF,),, [Cu(bddh)Cl],CuCl, and [Cu(bddh)(3,5-dimethyl-

pyrazole)](BF,),
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Abstract

The new ligand 1,6-bis(3,5-dimethyl-1-pyrazolyl)-2,5-dithiahexane (bddh) rendered the following co-
ordination compounds with copper(I) and copper(Il) salts: Cu(bddh)(NO,),, [Cu(bddh)(H,O)](BF,),,
[Cu(bddh)CI],CuCl,, [Cu(bddh)(Hdmpz)](BF,), (Hdmpz=3,5-dimethylpyrazole), [Cu(bddh)CI]|BF,,
[Cu(bddh)],(BE,),, Cu(bddh)Cl and Cu(bddh)Br. The compound [Cu(bddh)Cl],CuCl, crystallizes from
ethanol in the monoclinic space group Cc, with @ =19.018(4), b =14.840(3), ¢ = 14.963(3) A B= 100.24(2),
V=4158 A3, Z=4 and D..=1.63 g cm™3. The refinement using 5145 measured and 1826 observed
(F > 20(F)) reflections resulted in the R values 0.062 (R) and 0.068 (R,). The asymmetric unit consists
of two [Cu(bddh)CI}* cations and a CuCl,®>~ anion. The copper(Il) atom in [Cu(bddh)CI]* cation is
coordinated by two pyrazole nitrogen atoms in trans position (1.991(9) and 1.98(1) A), two thioether
atoms in cis position (2.422(3) and 2.480(3) A) and one chloride atom (2.249(4) A) in a distorted
trigonal bipyramid with the nitrogen donors on axial positions and the two sulfurs and chloride in
the equatorial plane. The tetrahedral CuCl>~ anion lies in disorder. The compound
[Cu(bddh)(Hdmpz)](BF,), crystallizes from ethanol in the monoclinic space group P2;/c, with
a=18360(3), b=9.419(3), c=16.068(2) A, B=100.29(1), ¥=2734 A%, Z=4 and D,,.=1.55 g cm™>.
The refinement using 6883 measured and 2326 observed (F>20(F)) reflections resulted in the R values
0.055 (R) and 0.061 (R,). The asymmetric unit consists of a [Cu(bddh)(Hdmpz)]** cation and two
tetrafluoroborate anions. The copper(II) atom is coordinated by three pyrazole nitrogen atoms (1.987(6)
and 1.962(6) A; Hdmpz: 1.977(6) A) and two sulfur atoms (2.478(2) and 2.404(3) A) in a distorted
trigonal bipyramid, with the ligand pyrazole groups on axial positions. The copper(I) compound
[Cu(bddh)],(BF,), crystallizes from ethanol in the monoclinic space group C2/c, with a=22.679(2),
b=12.766(2), c =14.213(2) A, B=106.69(1), ¥=3942 A’, Z=8 and D.,.=1.55 g cm™>. The refinement
using 1495 observed (F>2.50(F)) reflections resulted in the R values 0.049 (R) and 0.082 (R,). The
cationic part of the compound is dinuclear with C, symmetry. The copper(I) ions are 4.603(3) A apart.
Each copper(I) ion is coordinated by a pyrazole nitrogen atom at 2.067(6) A and two thioether atoms
at 2.426(2) and 2.333(3) A from one ligand and by a pyrazole nitrogen at 1.980(8) A of another ligand
in a strongly distorted tetrahedral fashion. Spectroscopic results strongly suggest that the compounds
[Cu(bddh)(H,O)](BF,), and [Cu(bddh)CI|BF, contain the trigonal bipyramidal [Cu(bddh)A] unit
(A =anion), as present in [Cu(bddh)Cl],CuCl, and [Cu(bddh)(Hdmpz)](BF,),. The compounds
Cu(bddh)Cl and Cu(bddh)Br are IR and X-ray isomorphous.

Introduction
An increasing number of coordination compounds
of low molecular weight is being designed and syn-

thesized in order to obtain a better insight into the
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structure and nature of the active sites of metal-
loproteins [1]. The research presented in this paper,
is inspired by the interest in the active site of the
so-called blue-copper proteins [2]. These blue-copper
proteins are known for their interesting and re-
markable spectroscopic and chemical properties [2].
The structures of some examples of this class of
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Fig. 1. The ligands bddo, bddn and bddh.

proteins have been determined using X-ray crys-
tallography [2]. The results show that the active sites
consist of a copper ion coordinated by two imidazoles,
one thioether and one thiolate. The coordination
geometry can be interpreted as a distorted, flattened
tetrahedron. The bonding distances of the imidazole
rings and the thiolate function can be regarded as
normal, whereas the thioether function is long [3],
approximately 2.9 A.

In previous reports [4-6] we described the inter-
esting coordination behaviour of ligands incorpo-
rating two pyrazole groups, to mimic the imidazole
function present in the proteins, and two thioether
functions. To avoid practical problems such as di-
sulfide formation, a thioether function is used to
mimic the protein thiolate function. These pyrazole
containing ligands form a set in which the ligands
differ by the number of methylene units between
the donor functions. A remarkable feature was ob-
served with the previously described ligands bddo
and bddn (see Fig. 1), as they form several coor-
dination compounds in which the thioethers do not
coordinate to the metal ion [4-6]. It was suggested
that the long bridge between the pyrazole and
thioether function is too flexible to ensure thioether
coordination [4-6]. To investigate this phenomenon
in more detail, the new ligand 1,6-bis(3,5-dimethyl-
1-pyrazolyl)-2,5-dithiahexane (bddh) was synthe-
sized. Its coordination behaviour towards copper(I)
and copper(ll) salts is described in this report. In
a separate paper, coordination compounds with tran-
sition metals other than copper will be described

[7]-
Experimental
Synthesis of the ligand bddh

The materials used in the synthesis were all com-
mercially available and were used without purifi-

cation. The synthesis of 3,5-dimethylpyrazole
(Hdmpz) and 1-hydroxymethyl-3,5-dimethylpyrazole
(nhdp) is described elsewhere [8].

1-(Chloromethyl)-3,5-dimethyl-pyrazole (ncdp.HCI)

To a cooled solution (T<5 °C) of 30 g (0.24 mo!)
of nhdp in carefully dried chloroform 30.3 g (0.26
mol) of thionyl chloride was added dropwise. The
temperature of the reaction mixture was not allowed
to exceed 10 °C. Stirring was prolonged for 30 min,
while the reaction mixture was allowed to warm up
to room temperature. The solvent was stripped in
vacuo and the resulting yellow oil was solidified by
the addition of dry diethylether while stirring vig-
orously. The product (yield 43 g) contains additional
HCI (c. 5%), but is sufficiently pure to proceed with
the synthesis, as was concluded from NMR spec-
troscopy. The compound hydrolyzes when exposed
to air and must be stored under inert atmosphere.
'H NMR (solvent CDCl,): 2.52 (s, 3H), 2.56 (s, 3H),
5.76 (s, 2H), 6.32 (s, 1H) ppm.

1,6-Bis(3’, 5'-dimethyl-1'-pyrazolyl)-2,5-dithia-

hexane (bddh)

46 g (190 mmol, 80% purity) ncdp - HCI was solved
in 100 ml of dry dmf. To this solution was added
dropwise 8 ml (95 mmol) of 1,2-ethanedithiol dis-
solved in ¢. 10 ml of dmf. When the addition of the
thiol was completed the reaction mixture was heated
to 90-100 °C and after 15 min at this temperature
a solution of 14 g KOH in 50 ml water was added.
Heating was stopped and after 15 min 200 ml of
water was added to the mixture. After cooling to
room temperature the reaction mixture was extracted
four times with 100 ml of chloroform. The collected
layers of chloroform wcrc dricd and stripped in
vacuo. The yellowish oil (yield 22 g, 76%) was
crystallized from thf. 'TH NMR (solvent CDCl,): 2.20
(s, 6H), 2.28 (s, 6H), 2.76 (s, 4H), 5.04 (s, 4H), 5.80
(s, 2H) ppm.

When no base or water was added to the reaction
mixture a small amount of white crystalline solid
was obtained from the mixture. This product proved
to be the hydrochloric salt of the ligand bddh. 'H
NMR (solvent CDCl,): 2.46 (s, 12H), 3.20 (s, 4H),
5.66 (s, 4H), 6.20 (s, 2H) ppm.

Synthesis of the coordination compounds

The coordination compounds were prepared by
dissolving 2 mmol of the appropriate hydrated metal
salts in 7-10 ml of warm ethanol, methanol or
acetonitrile and adding this solution to a warm
solution of the ligand in the same solvent. For the
preparation of the mixed-anion coordination com-
pounds a combination of the appropriate hydrated



metal salts was used. Triethylorthoformate (c. 1 ml)
was added for dehydration in all cases. After cooling
toroom temperature usually crystalline products were
obtained. When the product precipitated as a powder,
different solvents were tried. The synthesis of the
copper(I) compounds were performed in an inert
dinitrogen atmosphere and with the use of carefully
dried solvents. In most cases cooling to room tem-
perature, or cooling to —23 °C, or adding diethyl
ether yielded crystalline products.

Characterization procedures

Metal contents were determined by EDTA titra-
tion, after destruction of the compound by heating
with concentrated nitric acid. C, H and N elements
were analyzed at the Microanalytical Laboratory of
University College (Dublin). IR spectra were re-
corded on a Perkin-Elmer 580 spectrophotometer,
equipped with a P. E. data station. Samples were
prepared as KBr pellets or as nujol mulls. Vis-near-
IR spectra were recorded on a Perkin-Elmer 330
spectrophotometer in the diffuse reflectance mode
with MgO as reference. X-band EPR spectra were
recorded on a Jeol JES-RE2X spectrophotometer
equipped with a Jeol Esprit 330 data system at 77
K for powdered samples. 'H NMR spectra were
recorded on a JNM-FX 200 spectrometer (200 MHz,
Fourier transform).
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X-ray data collection and structure refinement

The crystals were isolated from the reaction mix-
tures. The data collected for the three structures
are listed in Table 1. Scattering factors and anomalous
dispersion corrections were taken from the literature

[9].

Crystal structure determination of
[Cu(bddh)],(BF,),

The structure was solved by means of the heavy-
atom method. Refinement proceeded by means of
block-diagonal least-squares calculations, anisotropic
for the non-hydrogen atoms and isotropic for the
hydrogen atoms. An empirical absorption correction
was applied (DIFABS [10]) and a weighting scheme
w=1/(6.1+F,+0.023F,?) was employed. The cal-
culations were carried out with the program XRAY76
{11]. Fractional coordinates with isotropic thermal
parameters and selected bond lengths and bond
angles are collected in Tables 2 and 3, respectively.

Crystal structure determination of
[Cu(bddh)Cl],CuCl,

The determination of the structure was started
using the space group Cc. The coordinates of the
three copper atoms were determined using the Pat-
terson function. The remaining non-hydrogen atoms
were located using Fourier difference maps. The

TABLE 1. Crystallographic data for the structures of [Cu(bddh)];(BF,), (I), [Cu(bddh)ClI],CuCl, (II) and [Cu(bddh)(N-

3,5-dimethyl-pyrazole)}(BF,), (III)

I I 1II
Formula CuC,H;N,S,BF, Cu;CsH NS Clg CuCgH3 NS, B,Fy
Formula weight 460.84 1024.33 643.66
Space group C2jc Cec P2,jc
a (A) 22.679(2) 19.018(4) 18.360(3)
b (A) 12.766(2) 14.840(3) 9.419(3)
c (A) 14.213(2) 14.963(3) 16.068(2)
a (%) 90 90 90
B (® 106.69(1) 100.24(2) 100.29(1)
Y (®) 90 90 90
V (A% 3942 4158 2734
z 8 4 4
D, (g cm™3) 1.55 1.63 1.55
# (Mo Ka) (cm™) 13.5 21 10
Crystal size (mm’) 0.2x0.23x0.45 0.50x0.25%0.25 0.430.38x0.13
Data collection CAD4 CAD4 CAD4
Range (26) (°) 1.1-22 2.2-27 2.3-27
Scan method w20 w20 w20
h, k, I range —23-23, 0-13, 0-14 —24-24, 0-19, 0-19 —23-23, 0-12, 0-20
No. measured data 2270 5145 6883
No. unique data 1495° 1826° 2326°
R 0.049 0.062 0.055
R, 0.082 0.068 0.061

1F>250(F). SF>20(F).
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TABLE 2. Fractional coordinates and equivalent thermal
parameters of the non-hydrogen atoms of
[Cu(bddh)],(BF,),

Atom x y z U

eq

TABLE 4. Fractional coordinates* (x 10° for Cu(1); x 10*
for others) and isotropic temperature factor (A?x10? for
Cu, CI(1) and S; A?x10 for all C, for C}(21) to C}(24)
and all N) of the non-hydrogen atoms of
[Cu(bddh)CI],CuCl,

Cu(l) 0.41219(5)  0.31213(8) 0.11912(8) 0.0443(6)

S(2)  030528(9)  0.2822(2) 0.1114(2) 0.042(1)
S(5)  0.4379(1) 0.3121(2) 02903(2) 0.047(1)
B(30) 0.3170(7) —0.0215(10) 0.1999(9) 0.068(8)
F(31) 0.2571(4) 0.007(1)  0.1641(8) 0.172(9)
F(32) 0.3492(5) 0.0477(6)  0.1667(9)  0.155(9)
F(33) 0.3308(4) —00129(7) 0.2996(6) 0.124(7)
F(34) 03295(5) —0.1192(5) 0.1751(6) 0.130(7)
N(11) 0.3268(3) 0.4916(5)  0.0935(5)  0.039(4)
N(12) 0.3860(3) 0.4673(5)  0.0957(5)  0.040(4)
N(21)  0.4944(3) 0.1886(5)  0.4482(5)  0.045(4)
N(22) 0.5495(3) 0.2375(6) 0.4705(5)  0.043(4)
C(3)  0.3104(4) 0.2828(7)  0.2411(6)  0.043(5)
C(4)  0.3632(4) 0.3427(8)  0.3064(7)  0.056(6)
C(10)  0.2776(4) 0.4125(7)  0.0708(7)  0.048(6)
C(13)  0.4156(4) 0.5595(7)  0.1051(6)  0.048(6)
C(14)  03757(5) 0.6403(7)  0.1072(7)  0.053(6)
C(15) 0.3195(4) 0.5936(6)  0.1007(6)  0.044(5)
C(16)  0.4819(5) 0.5629(10) 0.108(1)  0.084(9)
C(17)  0.2591(5) 0.6417(8)  0.0955(9)  0.072(8)
C(20)  0.4566(4) 0.1832(7)  0.3470(7)  0.049(6)
C(23) 0.5736(4) 0.2256(7)  0.5669(7)  0.046(5)
C(24) 0.5342(4) 0.1662(7)  0.6047(6)  0.049(6)
C(25) 0.4839(4) 0.1442(7)  0.5282(7)  0.045(5)
C(26)  0.6340(5) 0.2746(10) 0.6196(8)  0.068(7)
C(27) 0.4273(5) 0.0828(8)  0.5253(8)  0.064(7)

TABLE 3. Relevant bond lengths (A) and bond angles
(%) of [Cu(bddh)](BF.,),

Cu(1)-S(2) 2.426(2)
Cu(1)-S(5) 2.333(3)
Cu(1)-N(12) 2.067(6)
Cu(1)-N(22) 1.980(8)
S(2)-Cu(1)-S(5) 89.68(9)
S(2)-Cu(1)-N(12) 84.6(2)
S(2)-Cu(1)-N(22) 120.8(2)
S(5)-Cu(1)-N(12) 98.2(2)
S(5)-Cu(1)}-N(22) 130.3(2)
N(12)-Cu(1)-N(22) 121.1(3)
Cu(1)-8(2)-C(3) 100.5(3)
Cu(1)-S(2)-C(10) 96.9(3)
C(3)-S(2)-C(10) 103.6(4)
Cu(1)-S(5)-C(4) 99.7(3)
Cu(1)-S(5)-C(20) 114.6(3)
C(4)-S(5)-C(20) 104.2(5)

coordinates and thermal parameters were refined
using a locally developed least-squares program. The
refinement of the model was not satisfactory, partly
caused by the unfavourable data to variables ratio.
Inspection of the errors in the coordinates and
unsatisfactory bond lengths in the ligands suggested
the presence of additional pseudo-symmetry, cor-

Atom x y z B,
Cu(l) —22098(5) 1771(7) 7892(7)  290(4)
CI(1) —1863(2) —-599(3) 2083(2) 510(11)
N(11) —1160(5) 84(6) —437(5) 25(3)
N(12) —1526(5) —419(6) 114(6) 28(3)
Cc(13) —1309(6) —1259(8) 26(8) 34(4)
C(14) —820(6) —1289(9) —549(8) 34(4)
C(15) — 729(6) —432(9) —828(8) 34(4)
C(16) —1605(6) —2019(8) 496(9) 47(4)
cQ7) —252(6) —58(9) —1428(8) 45(4)
C(18) —1245(6) 1045(7) —515(8) 32(3)
N(21) —3631(5) 956(7) 821(6) 29(3)
N(22) -2931(5) 924(6) 1252(6) 31(3)
C(23) —2873(6) 1501(8) 1929(8) 30(3)
C(24) —3541(7) 1884(9) 1945(9) 41(4)
C(25) —4006(7) 1520(9) 1248(9) 41(4)
C(26) —2188(6) 1668(9) 2568(8) 45(4)
C(27) —4787(7) 1669(10) 956(9) 64(5)
C(28) —3905(6) 374(9) 61(8) 39(4)
S$(31) —2011(2) 1474(2) —117(2)  303(8)
C(32) —2737(6) 1320(7) —1052(7) 35(4)
C(33) —3023(6) 395(7) -1281(7) 40(4)
S(34) —3253(2) —288(2) —-356(2) 335(9)
Cu(2) 5041(7) 1726(2) 7445(8)  991(14)
Cl(21) 5632(9) 2584(11) 8541(11)  62(5)
CI(22) 4426(9) 2494(9) 6374(9) 55(4)
C1(23) 4843(6) 393(7) 7890(7) 119(5)
Cl(24) 5934(6) 1298(6) 6447(7) 96(3)

“Because of constraints mimicking two-fold symmetry only
the coordinates of one [Cu(bddh)Cl]* cation are provided.

responding with the space group C2/c. Refinement
based on the C2/c space group greatly improved the
refinement of the model for the [Cu(bddh)CI]™ unit.
However the refinement of the tetrahedral CuClL2~
anion appeared impossible because of disorder which
could not be described satisfactory in this space
group. Thus it was decided to refine the structure
in Cc with two [Cu(bddh)Cl]" units constrained
according to C2/c symmetry, decreasing the number
of variables considerably. This approach rendered
the best fit. The refinement of CuClL?™ improved
but remained unsatisfactory, as can be deduced from
the bond lengths, bond angles and the large values
for the thermal parameters (CuCl,?~ is coded Cu(2),
Cl(21) to Cl(24) in Table 4). Clear indications of
disorder in the CuCl,>~ anion remain. The maximum
values for remaining electron density in the final
difference Fourier are located in the neighbourhood
of the CuCl,®>~ unit (+0.84 and —0.58 e A%).
Absorption correction was applied using the pro-
gram DIFABS [10]. The coordinates of the hydrogen



TABLE 5. Relevant bond lengths (A) and bond angles
() of [Cu(bddh)Cl,CuCl,

Cu(1)-CI(1) 2.249(4)
Cu(1)-N(12) 1.991(9)
Cu(1)-N(22) 1.98(1)

Cu(1)-S(31) 2.422(3)
Cu(1)-S(34) 2.480(3)
Cu(2)-Cl(21) 2.22(2)

Cu(2)-CI(22) 2.14(2)

Cu(2)-Ci(23) 2.14(1)

Cu(2)-CI(24) 253(2)

CI(1)-Cu(1)-N(12) 95.2(3)
CI(1)-Cu(1)-N(22) 95.8(3)
CI(1)-Cu(1)-S(31) 146.9(1)
CI(1)-Cu(1)-S(34) 122.0(1)
N(12)-Cu(1)-N(22) 168.9(4)
N(12)-Cu(1)-S(31) 83.6(3)
N(12)-Cu(1)-S(34) 92.3(2)
N(22)-Cu(1)-S(31) 86.4(3)
N(22)-Cu(1)-S(34) 83.0(3)
S(31)-Cu(1)-S(34) 91.1(1)
Cu(1)-S(31)-C(18) 97.0(4)
Cu(1)-S(31)-C(32) 99.2(4)
Cu(1)-S(34)-C(28) 97.2(4)
Cu(1)-S(34)-C(33) 95.7(4)
CI(21)-Cu(2)-C1(22) 112.7(6)
CI(21)-Cu(2)-C}(23) 113.2(7)
C1(21)-Cu(2)-C1(24) 105.9(7)
CI(22)~Cu(2)-C1(23) 128.5(7)
CI(22)-Cu(2)-C}(24) 91.6(7)
CI(23)-Cu(2)—C}(24) 97:2(5)

atoms were calculated at a distance of 0.95 A from
the parent atom. The coordinates of the hydrogen
atoms were coupled to the coordinates of the parent
atom during refinement. Fractional coordinates with
isotropic thermal parameters and selected bond
lengths and bond angles are collected in Tables 4
and 5, respectively.

Crystal structure determination of
[Cu(bddh)(Hdmpz)](BF,),

The coordinates of the copper atom were deter-
mined using a Patterson map. The remaining non-
hydrogen atoms were located using Fourier difference
maps. The positions of the hydrogen atoms were
calculated at a distance of 0.95 A from the parent
atom, and coupled to the parent atom during re-
finement. A locally developed least-squares program
was used for the refinement. Absorption correction
was applied using the program DIFABS [10]. Dis-
order was found for one of the tetrafluoroborate
anions, which was described by two independent
orientations of the anion and refined with isotropic
thermal parameters. Fractional coordinates with iso-
tropic thermal parameters and selected bond lengths
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and bond angles are collected in Tables 6 and 7,
respectively.

Results and discussion

General and IR spectroscopy

Analytical data, melting point, colour, electronic
absorption maxima and g values of the coordination
compounds of bddh are collected in Table 8. The
isolated copper(I) compounds appeared to be stable
in air for several months.

The elemental analysis of Cu(bddh)(NO;), ex-
cludes the presence of water, which is confirmed by
IR spectroscopy [12]. In a nujol mull of the compound
the v, + v, overtone region of the N-O vibrations
shows two sharp vibrations at 1720 and 1750 cm ™.
The relative sharpness indicates that only one type
of nitrate is present in the compound. The pattern
is in good agreement with two monodentate coor-
dinating nitrate anions [13]. Thus, the coordination
geometry of the copper atom in Cu(bddh)(NO,), is
most likely an octahedron, made up by two nitrogens,
two sulfurs and two monodentate coordinating ni-
trates.

The compound formed from bddh and CuCl, must
be formulated, according to crystal structure deter-
mination, as [Cu(bddh)Cl},CuCl,s. A possible Cu-Cl
vibration [12] is located at 320 cm~ ' The same
vibration is also present in the IR spectrum of
[Cu(bddh)CI1](BF,). The »; of the tetrafluoroborate
anion is relatively sharp and in agreement with the
hypothesis that the tetrafluoroborate anion is not
involved in (semi)-coordination [14]. Ligand vibra-
tions make it impossible to identify the v, and 1,
vibrations of a BF,” anion involved in (semi)-co-
ordination.

The IR spectrum of the compound
[Cu(bddh)(dmpz)](BF,), clearly shows the presence
of the Hdmpz molecule (1575 cm ™ ') and the presence
of a hydrogen bridge [12].

The presence of water in the compound
[Cu(L)(H,O)(BF.), was deduced from elemental
analysis and IR spectroscopy [12]. The relatively
sharp H-O stretch vibration at 3430 cm™" suggests
that the water molecule coordinates to the metal
ion or is located in a cavity of the crystal lattice,
and may also be involved in a weak hydrogen bridge.
The tetrafluoroborate anion may be the acceptor of
the hydrogen bridge, but ligand vibrations make it
impossible to identify the »; and », vibrations of a
BF,” anion involved in a hydrogen bridge [14].
Considering the structures of [Cu(bddh)Cl],CuCl,
and [Cu(bddh)(Hdmpz)](BF,). it is likely that the
water molecule coordinates to the copper(Il) atom
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TABLE 6. Fractional coordinates (x 10° for Cu; X 10 for
others) and isotropic temperature factor (A2x 10? for Cu
and S; A?x10 for others) of [Cu(bddh)(N-3,5-dimethyl-
pyrazoie)](BF,),

Atom x/a yib z/c B,

Cu(1) 24771(5)  42966(11)  64414(6)  329(3)
N(11) 1067(3) 5759(7) 6088(4) 40(2)
N(12) 1565(3) 5002(7) 5714(4) 34(2)
C(13) 1397(4) 5307(8) 4888(5) 34(2)
C(14) 792(5) 6197(8) 4735(6) 45(3)
C(15) 594(4) 6481(10) 5495(7) 43(3)
C(16) 1834(4) 4722(10) 4274(5) 50(3)
Cc(@17) —20(4) 7381(11) 5738(6) 64(3)
C(18) 1023(4) 5531(11) 6969(6) 55(3)
S(41) 3100(1) 6631(2) 6446(1)  452(7)
C(42) 2620(5) 7458(11) 7216(6) 63(3)
C(43) 2390(5) 6589(11) 7888(6) 66(3)
S(44) 1876(1) 4996(3) 7589(1)  464(7)
N(21) 3960(3) 4725(6) 7460(4) 35(2)
N(22) 3363(3) 3826(6) 7273(4) 34(2)
C(23) 3544(4) 2680(10) 7765(5) 38(2)
C(24) 4242(4) 2837(10) 8242(5) 39(3)
C(25) 4500(4) 4144(10) 8040(5) 38(2)
C(26) 3027(5) 1461(10) 7727(6) 59(3)
C(27) 5224(4) 4890(10) 8334(6) 57(3)
C(28) 3974(4) 6087(8) 7032(6) 50(3)
N(31) 2054(3) 1602(7) 5578(4) 38(2)
N(32) 2594(3) 2618(6) 5739(4) 32(2)
C(33) 3161(4) 2149(10) 5388(5) 38(3)
C@34) 2988(4) 825(10) 5024(5) 44(3)
C(35) 2286(5) 496(10) 5153(5) 43(3)
C(36) 3854(4) 3000(10) 5421(6) 50(3)
C@37) 1793(5) —766(10) 4929(6) 69(3)
B(40) 5949(6) 1928(13) 641(7) 45(3)
F(41) 5656(3) 1343(7) 1291(4) 100(3)
F(42) 6655(3) 1475(8) 702(4) 104(3)
F(43) 5963(4) 3334(6) 791(5) 99(3)
F(44) 5553(3) 1648(7) —-113(4) 79(2)
B(50) 671(5) 1119(16) 6860(7) 73(3)
F(51) 729(7) 1732(13) 7644(7) 88(2)
F(52) 889(6) 2250(14) 6427(8) 88(2)
F(53) 1123(6) ~56(13) 6885(8) 88(2)
F(54) —62(5) 818(14) 6561(7) 88(2)
B(50A)" 658(7) 1130(24) 6852(8) 73(3)
F(51A) 664(8) 789(17) 6035(9) 102(3)
F(52A) 667(9) 70(17) 7402(10) 102(3)
F(53A) ~16(8) 1719(18) 6884(11) 102(3)
F(54A) 1218(8) 2091(17) 7111(11) 102(3)

“Alternative position of the disordered tetrafluoroborate
anion.

and also bridges to one or two tetrafluoroborate
anions.

The powder diffraction patterns and the IR spectra
of the compounds Cu(bddh)Cl and Cu(bddh)Br are
identical, indicating that both compounds have similar
structures.

Crystal structure of [Cu(bddh)],(BF,),

The structure of the dication is depicted in Fig.
2. The compound is dinuclear with C, symmetry.
The copper(l) ions are separated by 4.603(3) A.
Each copper(I) ion is coordinated by a pyrazole
nitrogen atom at 2.067(6) A (see Table 3) and two
thioether atoms at 2.426(2) and 2.333(3) A from one
ligand and by a pyrazole nitrogen at 1.980(8) A of
another ligand in a strongly distorted tetrahedral
fashion. These distances are common [16]. The small
ligand bites, forming five-membered chelate rings,
are clearly the source of a large part of the distortion
from perfect tetrahedral geometry. This may also
explain the differences in bond lengths between the
two pyrazole heterocycles. The dinuclear nature of
the compound suggests that the ligand bddh is unable
to form, in a tetradentate chelating conformation,
the tetrahedral coordination which is preferred by
copper(I). The present structure offers an elegant
solution to the steric constraints imposed by the
ligand.

Crystal structure of [Cu(bddh)Cl],CuCl,

The asymmetric unit of [Cu(bddh)Cl],CuCl, con-
sists of two [Cu(bddh)CI]* cations and a CuCl,>~
counter anion. The copper(II) atom in the
[Cu(bddh)Cl]™* cation (see Fig. 3) is coordinated by
two pyrazole nitrogen atoms in frans position, two
thioether atoms in cis position and one chloride
atom. The coordination geometry is a distorted tri-
gonal bipyramid with the nitrogen donors on axial
positions and the two sulfurs and chloride in the
equatorial plane. The geometry is distorted, due to
the small ligand bites of the ligand. The bond lengths
of the nitrogens (1.991(9) and 1.98(1) A, Table 5),
thioethers (2.422(3) and 2.480(3) A) and chloride
(2.249(4) A) can be regarded as normal [16]. The
CuCl,%>~ anion is disordered, which can be deduced
from the bond lengths and angles (Table 5). The
coordination geometry of the anion is tetrahedral.
Copper to copper distances are above 6.4 A. The
molecules are packed according to normal van der
Waals forces.

Crystal structure of [Cu(bddh)(Hdmpz)](BF,),

The copper(I]) atom in [Cu(bddh)(Hdmpz)](BF,),
is coordinated by three pyrazole nitrogen atoms and
two sulfur atoms (see Fig. 4). The coordination
geometry is a distorted trigonal bipyramid, with the
ligand pyrazole groups in axial positions. The bonding
distances for the nitrogen donors (bddh: 1.987(6)
and 1.962(6) A, Table 7; Hdmpz: 1.977(6) A) and
of the thioether sulfurs (2.478(2) and 2.404(3) A)
can be regarded as normal [16]. The coordination
geometry resembles the geometry of the
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TABLE 7. Relevant bond lengths (A) and bond angles (°) of [Cu(bddh)(N-3,5-dimethylpyrazoie)](BF,),

Cu(1)-N(12) 1.978(6)
Cu(1)-S(41) 2.478(2)
Cu(1)-S(44) 2.404(3)
Cu(1)-N(22) 1.962(6)
Cu(1)-N(32) 1.977(6)
N(31)-H(311) 0.95
B(40)-F(41) 1.37(1)
B(40)-F(42) 1.35(1)
B(40)-F(43) 1.35(1)
B(40)-F(44) 1.32Q1)
B(50)-F(51) 1.37(2)
N(12)-Cu(1)-S(41) 92.6(2)
N(12)-Cu(1)-S(44) 84.6(2)
N(12)-Cu(1)-N(22) 171.1(3)
N(12)-Cu(1)-N(32) 95.6(2)
S(41)-Cu(1)-S(44) 91.67(9)
S(41)-Cu(1)-N(22) 82.6(2)
S(41)-Cu(1)-N(32) 127.9(2)
S(44)-Cu(1)-N(32) 140.3(2)
Cu(1)-S(41)-C(42) 95.9(3)
Cu(1)-S(44)-C(18) 97.3(3)
F(41)-B(40)-F(42) 108.5(9)
F(41)-B(40)-F(44) 113.1(9)
F(42)-B(40)-F(44) 111(1)
F(51)-B(50)-F(52) 99(1)
F(51)-B(50)-F(54) 109(1)
F(52)-B(50)-F(54) 110(1)

B(50)-F(52) 1.37(2)
B(50)-F(53) 1.38(2)
B(50)-F(54) 1.37(1)
B(50A)-F(51A) 1.35(2)
B(50A)-F(52A) 1.33(3)
B(50A)-F(53A) 1.37(2)
B(50A)-F(54A) 1.38(2)
F(52)-H(311) 1.91(1)
F(S1A)-H(311) 2.01(2)
F(52)-N(31) 2.80(1)
F(51A)-N(31) 2.88(2)
F(51A)-B(50A)-F(52A) 118(2)
F(51A)-B(50A)-F(53A) 107(1)
F(51A)-B(50A)-F(54A) 108(1)
F(52A)-B(50A)-F(53A) 101(1)
F(52A)-B(50A)-F(54A) 112(1)
F(53A)-B(50A)-F(54A) 111(2)
S$(44)-Cu(1)-N(22) 88.7(2)
N(22)-Cu(1)-N(32) 92.7(2)
Cu(1)-S(41)-C(28) 96.8(3)
Cu(1)-S(44)-C(43) 98.3(4)
F(41)-B(40)-F(43) 105(1)
F(42)-B(40)-F(43) 108.0(9)
F(43)-B(40)-F(44) 110.6(9)
F(51)-B(50)-F(53) 111Q1)
F(52)-B(50)-F(53) 114(1)
F(53)-B(50)-F(54) 113(1)

TABLE 8. Melting point, colour, electronic absorption maxima (in 10°> cm™! and g values of the coordination compounds

with bddh (denoted by L)

Compound Melting Colour Maxima g values

point

Q)
Cu(L)(NO,),* 175 green 14.5, 11.1 2.21, 2.11, 2.01
[Cu(L)(H,0)](BF,)," 190d green 145, 10.8 221, 2.11, 2.01
[Cu(L)CI],CuCle 139 green 14.8, 10.4 2.23, 2.12, 2.06
[Cu(L)Y(Hdmpz)](BF,),* 186 green 15.5, 12.8 2.09
[Cu(L)CI]BF 163 green 14.5, 10.6 2.20, 2.09
[Cu(L)](BF,), 207 white
CulLCl® 169 white
CulLBr" 207d white

"%M =12.7(12.8), %C =33.3(33.8), %H = 4.48(4.45), %N =16.8(16.9), calculated values in parentheses.
‘%M =18.8(18.6), %C = 31.4(32.8), %H =4.37(4.33), %N = 10.6(10.9).

%C=29.2(29.7), %H=4.17(4.28), %N =9.70(9.91).

EPR spectrum at room temperature is isotropic with g=2.08.
f%M =13.5(13.5),

%BN=12.6(13.1).  “%M=12.8(12.8).

%M =11.6(11.5),

9, M = 9.87(9.84), %C=35.0(35.5), %H =4.58(4.70),

%C=36.0(36.5), %H=466(4.81), %N=11.9(12.2).

E%M =15.1(15.5), %Cl=8.8(8.7), %C=41.5(41.0), %H=5.26(5.37), %N=13.9(13.7); This compound is X-ray and IR

isomorphous with Cu(L)Br. "%M=13.6(14.0).
[Cu(bddh)C1]* in [Cu(bddh)Cl],CuCl,, as can be
deduced from the bonding distances and angles
collected in Tables 5 and 7.

Although the position of the hydrogen H(311)
attached to N(31) of Hdmpz was calculated at 0.95
A, the hydrogen bridge to one of the tetrafluoroborate
anions can be recognized from the distances in Table

iExchange narrowed.

7. This tetrafluoroborate anion is disordered, how-
ever, both orientations used for the description of
the disorder show the presence of the hydrogen
bridge, N(31)-F(52)=2.80(1) and N(31)-F(51a)=
2.88(2). The second tetrafluoroborate anion is not
disordered and shows no other contacts than normal
van der Waals contacts.
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Fig. 3. PLUTO [15] drawing of [Cu(bddh)Cl},CuCl,. The
hydrogens and the CuCl,>~ anion are omitted for clarity.

EPR and electronic spectroscopy

All copper(1T) compounds show two absorption
maxima in the ligand field spectrum (Table 8). Except
for the compound [Cu(bddh)(Hdmpz)](BF,), the
values for the absorptions are very alike.

The compounds Cu(bddh)(NO3), and
[Cu(bddh)(H,0)](BF,), show an orthorhombic type
EPR spectrum with similar g values (Table 8). The
EPR spectrum of [Cu(bddh)(Hdmpz)](BF,), is iso-

Fig. 4. PLUTO [15] drawing of [Cu(bddh)(Hdmpz)]-
(BF,)..The hydrogens and the tetrafluoroborate anions are
omitted for clarity.

tropic, most likely due to extensive exchange nar-
rowing as a result of lattice packing effects. In contrast
the compound [Cu(bddh)CI]|BF, shows an axial type
EPR spectrum [17].

The CuCl?>” unit in the compound
[Cu(bddh)Cl1],CuCl, should result in clear effects in
the EPR and ligand field spectra [18]. However, the
orthorhombic EPR spectrum indicates that the three
copper species in the asymmetric unit are exchange
coupled and as a result the presence of separate
species cannot be detected in the EPR spectrum.
The d-d transitions of the tetrachlorocuprate anion



are known [18] to fall in the range 15 to 8x10°
cm™! and are related to the fiattening of the CuCl,2~
tetrahedron. The ligand field spectrum of
[Cu(bddh)C1],CuCl, resembles the spectrum of
[Cu(bddh)CI]BF,, both showing two absorption max-
ima. However, no additional absorptions below
25%10°> em™!, due to a CuCl,2~ anion, could be
identified; they are probably obscured by the ab-
sorptions of the cationic species.

Discussion and concluding remarks

The results of the present investigations show that
the ligand bddh is capable of forming coordination
compounds both with copper(I1) and copper(I) salts.
The formation of the tetrachlorocuprate anion sug-
gests that the [Cu(bddh)C1]* molecule, with a trigonal
bipyramidal geometry, is favoured by the ligand bddh
when coordinating to copper(Il) atoms. Experiments
directed towards the synthesis of this stable
[Cu(bddh)A]* cation, with A= coordinating anion
or molecule, resulted in the formation of the mixed-
anion compound [Cu(bddh)CI]|BF, and the com-
pound [Cu(bddh)(Hdmpz)](BF,),. The presence of
the [Cu(bddh)Cl]™ cation in the compound
[Cu(bddh)CI|BF, could be deduced by IR spec-
troscopy. The crystal structure of [Cu(bddh)-
(Hdmpz)](BF,), illustrates the possibility of substi-
tuting the chloride by a neutral nitrogen donor
molecule (Hdmpz), without introducing major
changes in the coordination. The compound
[Cu(bddh)(H,0)](BF,), is likely to contain the same
trigonal bipyrimidal unit. As a matter of fact such
a trigonal bipyramidal geometry has been found for
several other [CuN,S,A] chromophores with imida-
zole and benzimidazole thioether ligands [2, 19].

Although the copper atom in Cu(bddh)(NO,), is
probably coordinated by the ligand and two mon-
odentate coordinating nitrate anions in an octahed-
ron, most likely the conformation of bddh in this
compound is very similar to the conformation in the
above described trigonal bipyrimidal [Cu(bddh)A]*
cation.

Brubaker et al. [20] described the coordination
chemistry of the ligand 1,8-bis(2-pyridyl)-3,6-di-
thiaoctane (abbreviated as pdto) towards copper(I)
and copper(I1) atoms. In [Cu(pdto)]PF, the copper(I)
atom is tetrahedrally coordinated by two pyridyl
nitrogen donors and two thioether donor atoms at
distances comparable to those found in
[Cu(bddh)],(BF,),. With divalent copper the ligand
pdto formed [Cu(pdto)(ClO,)]JCIO,, which consists
of CuN,S,0 chromophores in a square planar ge-
ometry. The ligand bddh forms a dinuclear coor-
dination compound with copper(I) tetrafluoroborate,
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in which the copper atoms are coordinated by two
pyrazole nitrogen donors and two thioether donors.
The ligand bddh shows the above described pref-
erence towards divalent copper for a [Cu(bddh)A]
unit. Although the coordination behaviour of pdto
resembles the coordination behaviour of bddh to a
certain extent, it is remarkable that the cation in
[Cu(bddh)],(BF,), is dinuclear. The difference be-
tween these ligands is the heterocycle (pyrazolyl
versus pyridyl) and the size of the bite between
N(heterocycle) and thioether. In the case of pdto
this bite results in a six-membered chelate ring and
in the case of bddh this chelate ring is five-membered.
This difference is likely to be the cause of
[Cu(bddh)],(BF,), being dinuclear; the distortion
from tetrahedral geometry is clearly too large in a
mononuclear complex of bddh and copper(I). The
structure of the compounds with copper(I) halides
cannot be deduced without a single-crystal structure
determination. Crystals of Cu(bddh)Cl were ob-
tained, but attempts to solve the crystal structure
failed due to twinning of the crystal.

In the report describing the coordination behaviour
of bddh towards first-row transition metals other
than copper [7], the effect of the bite between pyrazole
and thioether upon the coordination behaviour of
bddh-type ligands (see Fig. 1) has been discussed.
The occurrence of non-coordinating thioether atoms
in coordination compounds with bddo and bddn was
explained by the long bridge between the pyrazole
and thioether functions in these ligands. However,
the ligand bddh showed the same non-coordinating
thioether atoms in compounds (Co, Zn)(bddh)Cl,,
thus pointing out that this effect is less important.
The compound [Cu(bddh)],(BF,), shows an opposite
effect, viz. the bite is too small to form the tetrahedral
mononuclear copper(I) complex. The results leads
to the conclusion that both bite sizes can lead to
opening up of the chelate ring.
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