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A new tris(pyridylhydrazonyl)methane ligand, HC[N(Me)N=C(H)Py]; (L2) (Py = pyridyl), has been syn-
thesized. The latter is accessible from triethyl orthoformate and 2-(2-methylhydrazono)methylpyridine
in 63% isolated yield. We have investigated its coordination chemistry towards copper ions and compared
the results with those obtained for the recently developed multifunctional ligand, (S)P[N(Me)N=C(H)Py]3
(L1). The copper(Il) complexes [Cu(L1)](OTf), (3) and [Cu(L2)](OTf), (4) (OTf = triflate, (O3SCF3)~) are
mononuclear with the cations coordinated by three imino and three pyridine nitrogen atoms. Almost
axial symmetric EPR spectra have been obtained in frozen solutions at X-band. The spectra show resolved
hyperfine couplings to the copper nuclei on one of the three g values. X-ray structural analyses revealed
in each case a cis bond distortion and a trigonal twist due to Jahn-Teller effects. The Cu''/Cu' reduction
potentials of 3 and 4 were shown to be remarkably low (E?/2 =-0.11V for 3; E?/z =-0.34V for 4), espe-
cially for 3 consisting of the phosphorus supported ligand L1. The corresponding copper(I) complexes
[Cu(L1)](OTf) (5) and [Cu(L2)](OTf) (6) are accessible by reduction using decamethyl ferrocene. Both cop-
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per(I) complexes have been characterized in detail including X-ray structure analyses.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of tailor-made, multidentate ligand systems that
offer specific properties for the generation of transition metal com-
plexes regarding nuclearity, coordination number or geometry is
still of high interest. Especially fac-coordinating N-donor ligands
with podand topology provide intrinsically well-defined coordina-
tion geometries [1]. In particular Trofimenko’s tris(pyrazolyl)hydro-
borate (Tp®) ligands, which are also known as scorpionates, are
among the most important and particularly versatile ligands, com-
prising applications in coordination-, bio-inorganic and organome-
tallic chemistry [2-7]. More recently, Reger et al. introduced an
improved access to the neutral carbon analogs, i.e. the tris(pyrazol-
ylmethanes (*Tpm), which also show a very rich coordination
chemistry [8]. The development of the latter, and the synthesis
and reactions of their complexes, have been recorded through many
reviews [9-12]. This ligand family has been extended to the anionic
tris(pyrazolyl)methanide [13-21] and -silanide [22,23] systems,
which are isoelectronic with the hydroborate system, but feature
ambidentate characteristics and two possible binding sites, namely
the anionic carbon and silicon or the pyrazolyl ring nitrogens.
Another possibility for increasing the number of donor atoms in
Tp- or Tpm-related scaffolds is to attach further donor-containing

* Corresponding author. Tel.: +49 721 608 448 55; fax: +49 721 608 470 21.
E-mail address: breher@kit.edu (F. Breher).

0020-1693/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2011.02.045

substituents in the 3-position of the pyrazolyl entities. In particular,
multinucleating ligands based on pyrazolyl-pyridine chelating
units merit attention in this context [24]. Our group became inter-
ested in non-heterocyclic, tripodal ligands, which are topologically
related to the pyrazolyl-pyridine systems. We have focused
our attention on the new tris(pyridylhydrazonyl)methane
derivative, HC[N(Me)N=C(H)Py]s (L2) (Py = pyridyl), which is re-
lated to the recently developed multisite coordination ligand,
(S)P[N(Me)N=C(H)Py]s (L1) [25-26]. In both cases, the ligand fea-
tures three pyridylhydrazonyl donor units, which are connected
by a CH or PS backbone as non-coordinating structural support. Re-
lated phosphorus supported N-donor ligands of this kind are known
from the literature [27-33]. We present here the synthesis and
characterization of L2. In order to compare the coordination chem-
istry of L2 with those of its phosphorus analog (L1), we have inves-
tigated their coordination chemistry towards copper ions.
Alongside X-ray structural, EPR spectroscopic and electrochemical
investigations on mononuclear Cu" complexes of L1 and L2, we will
also present their corresponding Cu' complexes.

2. Experimental
2.1. Materials and general techniques

All manipulations were performed under an argon atmosphere
using standard Schlenk techniques. Air sensitive compounds were
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stored and weighed in glove boxes (Braun MB150 G-I and Unilab
system). Toluene, hexane and THF were freshly distilled under ar-
gon from sodium/benzophenone, diethyl ether from sodium-
potassium alloy/benzophenone and acetonitrile from CaH, prior
to use. CD3CN was vacuum transferred from CaH, into thoroughly
dried glassware equipped with Young teflon valves. FeCp*, was
synthesized according to a literature procedure [34]. All other
chemicals were purchased from Aldrich or ABCR and used as
received.

2.2. Instrumentation

Elemental analyses and mass spectrometric investigations were
carried out in the institutional technical laboratories. IR spectra
were recorded on a Bruker Vertex 70 spectrometer in the range
from 4000 to 400 cm~' using a KBr beam splitter. Samples were
prepared by using the ATR technique (attenuated total reflection)
on bulk material, and the data are quoted in wavenumbers
(cm~!). The intensity of the absorption band is indicated as vw
(very weak), w (weak), m (medium), s (strong), vs (very strong)
and br (broad). Solution NMR spectra were recorded with Bruker
Avance instruments operating at 'H Larmor frequencies of 300
and 400 MHz and are referenced according to [IUPAC recommenda-
tions [35]. Chemical shifts are given relative to TMS for 13C and 'H,
CFCl; for 'F and H3PO, for 3'P. Coupling constants, J, are given in
Hertz as positive values regardless of their real individual signs.
The multiplicity of the signals is indicated as s, d, or m for singlets,
doublets or multiplets, respectively. Broad 'H NMR resonances (br)
of paramagnetic samples are listed only with one digit. Cyclic vol-
tammetry measurements were performed with an EG&G potentio-
state (PAR-model 263A) and an electrochemical cell for sensitive
compounds [36-38]. We used a freshly polished Pt disk working
electrode, a Pt wire as counter electrode, and a Ag wire as (pseudo)
reference electrode ([nBuyN][PFs] (0.1 M) as electrolyte). Potentials
were calibrated against the Fc/Fc* couple [39], which has a poten-
tial of E?/z =0.35 V versus Ag/AgCl. Continuous wave (CW) electron
paramagnetic resonance spectroscopy was performed at X-band on
a Bruker EMXplus spectrometer (microwave frequency 9.43 GHz)
equipped with a liquid nitrogen cryostat. The samples were
measured with a modulation amplitude of 10 G and a modulation

frequency of 100 kHz, and the field was calibrated by using 2,
2-diphenyl-1-picrylhydrazyl (DPPH) with a g value of 2.0036. CW
EPR simulations were calculated using the Bruker XsopHE program
package (version 1.1.4) [40].

2.3. X-ray crystal structure determination

Crystals of 3, 4, 5 and 6 suitable for X-ray diffraction were ob-
tained from acetonitrile/diethyl ether. In order to avoid quality
loss, crystals were removed from the reaction flask under a stream
of argon gas and immediately covered with a layer of perfluoropol-
yalkylether oil. A suitable crystal was selected, attached to a glass
fiber and immediately placed in the low temperature nitrogen
stream using an Oxford Cryosystems Cryostream unit. Diffraction
data were measured using a STOE STADI 4 diffractometer equipped
with a CCD detector and graphite-monochromated Mo Ko
(0.71073 A) radiation. All calculations were performed using
SHELXTL (ver. 6.12) program suite [41,42]. The structures were solved
by direct methods and successive interpretation of the difference
Fourier maps, followed by full matrix least-squares refinement
(against F?). All non-hydrogen atoms were refined anisotropically.
The contribution of the hydrogen atoms, in their calculated posi-
tions, was included in the refinement using a riding model. Upon
convergence, the final Fourier difference map of the X-ray struc-
tures showed no significant peaks. Crystal data collection and
processing parameters are given in Table 1.

2.4. Synthesis of HC[N(Me)N=C(H)Py|s (L2)

2-Pyridinealdehyde (21.4 g, 0.20 mol) was cooled to —78 °C and
N-methylhydrazine (9.2 g, 0.20 mol) was carefully added. The cool-
ing bath was removed and the mixture was slowly heated to 80 °C
and stirred at that temperature for 3 h. 2-(2-Methylhydrazon-
o)methylpyridine was received as a yellowish, oily liquid by frac-
tional distillation in vacuum (23.0g, 0.17 mol, 85%). Triethyl
orthoformate (5.9 g, 0.04 mol) and 2-(2-methylhydrazono)methyl-
pyridine (16.2 g, 0.12 mol) were heated in 150 mL toluene to
100 °C in a Schlenk flask connected to a short distillation adapter.
Ethanol that formed during the reaction was distilled off con-
stantly. After 20 days the mixture had turned dark brown. The sol-

Table 1

Crystallographic data.
Compound 3.CH3CN 4.CH5CN 5 6-2(CH5CN)
Empirical formula C33H24CuFgNgOgPS3-CoH3N  CogHasCuFgNgOgS2-CoH3N  CopHogCuF3NgO3PS,  CozHasCuFsNgO3S-2(CoH3N)
M 868.26 818.27 678.13 710.23
Crystal system monoclinic monoclinic monoclinic triclinic
Space group[70] P24/n P24/c P24/c P1
a(A) 1153.1(2) 2725.2(5) 1060.9(2) 1175.3(2)
b (A) 2286.9(5) 2510.1(5) 2052.6(4) 1192.5(2)
c(A) 1275.4(3) 1489.5(3) 1322.0(3) 1257.8(3)
o (°) 78.14(3)
B(°) 91.78(3) 103.15(3) 106.03(3) 70.75(3)
() 75.67(3)
V (%108 A%) 3362(1) 9922(3) 2766.6(9) 1597.7(6)
u (mm~') 0.975 0.878 1.063 0.815
Peatea (g cm™3) 1.716 1.643 1.628 1.476
Z 4 12 4 2
T (K) 200(2) 200(2) 200(2) 200(2)
20max (°) 50.00 50.00 50.00 52.00
Reflections measured 22949 67 951 18191 11908
Reflections unique 5898 17 366 4842 6172
Parameters/restrainer 473/0 1390/0 373/0 420/0
R1 (I = 2a(1)) 0.0532 0.0794 0.0511 0.0472
wR2 (all data) 0.1430 0.2163 0.1506 0.1351
Maximum/minimum residue electron density 1.340/-1.365 0.903/-1.020 0.783/-0.806 0.466/—-0.609

(e x 1075 A~3)
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vent was removed in vacuum and the product was received as fine
beige needles by recrystallization of the residue from THF/hexane.

Yield: 10.5g, (63%); m.p.: 152 °C. Elemental Anal. Calc. for
CyoHysNg: C, 63.60; H, 6.06; N, 30.34. Found: C, 63.52; H, 6.08; N,
30.34%. "H NMR (300 MHz, 298 K, CD3CN): 6 =3.11 (s, 9H, —CHs),
6.11 (s, 1H, -CH), 7.13 (dd, *Juyn=7.5Hz, 3Juy=4.9 Hz3H, Ha,),
7.48 (s, 3H, -N=C-H) 7.55 (dd, 3y =8.1 Hz, *Jyy=7.5 Hz, 3H,
Har), 7.73 (d, *Jun=8.1Hz, 3H, Hy,), 8.48 ppm (d, *Jun = 4.9 Hz,
3H, Ha.); >C{'H} NMR (75 MHz, 298 K, CD5CN): & = 34.2 (s, -CH3)
98.0 (s, —CH), 118.2 (s, 3H, Ca), 121.7 (s, Car), 131.4 (s, -C=N),
136.0 (s, Car), 149.0 (s, Car), 156.2 ppm (s, Cipso). EI-MS: m/z (%):
78.9 (83) [Py]*, 92.0 (95) [CH-Py]", 106.0 (65) [N=CH-Py]*, 281.1
(98) [NMENCHPy]*; FT-IR (solid, ATR): v(cm™!)=1573(s), 1459
(m), 1431 (m), 1345 (m), 1237 (m), 1190 (m), 1021 (vs), 986 (s),
865 (m), 775 (s), 741 (s), 623 (m), 566 (m), 525 (m), 403 (s).

2.5. Synthesis of [Cu(L1)](OTf), (3)

To a stirred solution of Cu(OTf), (181 mg, 0.5 mmol) in 10 mL
THF a solution of (S)P[N(Me)N=C(H)Py]s (L1, 233 mg, 0.5 mmol)
in 10 mL THF was added dropwise at room temperature. A green
precipitate formed immediately. After stirring over night the pre-
cipitate turned red brown, the reaction mixture was filtered and
the red brown precipitate was washed with 20 mL THF. The precip-
itate was then redissolved in 5 mL acetonitrile and the solution lay-
ered with diethyl ether. An initially formed grass green precipitate
was filtered and the solution was further layered with diethyl ether
until the formation of small needles was observed. After a few days
the paramagnetic product was obtained as dark red blocks. Yield:
335 mg (81%). m.p.: 295 °C. Elemental Anal. Calc. for C3Hp4CuFs.
NgOgPSs: C, 33.44, H, 2.81, N, 15.26. Found: C, 33.28, H, 2.97, N,
15.23%. 'H NMR (400 MHz, 298 K, CD3CN): 6=5.8 (s, br, Wiy,
~ 120 Hz, 9H, -CH3), 13.3 (s, br, Wy, = 70 Hz, 3H, N=C-H), 31.8
(s, br, Wy)2 =~ 1200 Hz, 3H, Ha,), 36.7 ppm (s, br, W;; = 1500 Hz,
3H, Ha:); '°F NMR (377 MHz, 298 K, CD5CN): 6 = —79.21 ppm (s);
ESI-MS: m/z (%): 677 (60) [M-(SOsCFs3)]*, 1505 (100) [2 M-
(SO5CF3)]"; FT-IR (solid, ATR): v(cm~')=1610 (m), 1561 (w),
1484 (w), 1465 (w), 1445 (w), 1417 (vw), 1376 (vw), 1249 (s),
1221 (m), 1147 (s), 1059 (s), 971 (s), 911 (m), 801 (s), 764 (s),
707 (W), 634 (vs), 572 (m), 533 (m), 515 (s), 467 (m), 416 (m).

2.6. Synthesis of [Cu(L2)](OTf)> (4)

To a stirred solution of Cu(OTf), (181 mg, 0.5 mmol) in 10 mL
THF a solution of HC[N(Me)N=C(H)Py]; (L2, 208 mg, 0.5 mmol)
in 10 mL THF was added dropwise at room temperature. A dark
green precipitate formed immediately. After stirring over night
the reaction mixture was filtered and the precipitate was washed
with 20 mL THF. It was then re-dissolved in 5 mL acetonitrile and
the green brown solution layered with diethyl ether. An initially
formed grass green precipitate was filtered and the solution was
further layered with diethyl ether until the formation of small nee-
dles was observed. After a few days, the paramagnetic product was
obtained as dark green blocks. Yield: 320 mg (82%). m.p.: 178 °C.
Elemental Anal. Calc. for Co4H,5CuFgNgOgS,: C, 37.09, H, 3.24, N,
16.22. Found: C, 36.99, H, 3.26, N, 16.31%. '"H NMR (400 MHz,
298 K, CD3CN): 6 = —8.3 (s, br, W;; = 400 Hz, 1H, -CH), 5.7 (s, br,
Wi = 100 Hz, 9H, -CHs), 12.4 (s, br, Wy; =~ 50 Hz, 3H, N=C-H),
304 (s, br, Wyp~560Hz, 3H, Ha:), 35.6ppm (s, br, Wy,
2~ 760Hz, 3H, Ha); 'F NMR (282MHz, 298K, CD;CN):
d=-79.24 ppm (s); ESI-MS: m/z (%): 627 (40) [M—(SO5CFs)]",1406
(100) [2 M-(SO5CF3)]*; FT-IR (solid, ATR): v(cm ')=1610 (m),
1561 (w), 1484 (w), 1465 (w), 1445 (w), 1417 (vw), 1376 (vw),
1249 (s), 1221 (m), 1147 (s), 1059 (s), 971 (s), 911 (m), 801 (s),
764 (s), 707 (w), 634 (vs), 572 (m), 533 (m), 515 (s), 467 (m),
416 (m).

2.7. Synthesis of [Cu(L1)](OTf) (5)

A solution of [Cu(L1)](OTf),(87 mg, 0.1 mmol) in 5 mL acetoni-
trile was stirred with FeCp*, (50 mg, 0.15 mmol) at room temper-
ature overnight. The green brown solution was filtered and then
layered with 10 mL diethyl ether. An initially formed beige precip-
itate was filtered and the solution was layered with additional
40 mL diethyl ether to give dark green block like crystals. Yield:
29 mg (43%). m.p.: 241 °C. Elemental Anal. Calc. for CyyHy4CuF5.
NoO3PS;: C, 39.91, H, 3.79, N, 18.21. Found: C, 40.21, H, 3.81, N
18.15%. 'H NMR (300 MHz, 298K, CDsCN): 6=3.44 (d,
3Jup = 10.1 Hz, 9H, -CH3), 7.47 (dd, *Jyy = 7.7 Hz, *Jy = 5.0 Hz, 3H,
Har), 7.62 (d, 3Jun=8.0Hz, 3H, Ha), 7.91 (dd, 3Jun=8.0Hz,
3lan=7.7Hz, 3H, Ha), 7.93 (s, 3H, N=C-H), 8.60 ppm (d,
3Jun=5.0Hz, 3H, Hp); ">C{"H} NMR (75 MHz, 298 K, CDsCN):
5=33.4 (d, Yep=11.1Hz, -CH3), 123.7 (s, Car), 125.3 (s, Car)
137.8 (s, Car), 138.7 (d, 3Jpc=12.9Hz, C=N), 148,7 (s, Ca.),
1513 ppm (s, Cipso); >'P{'"H} NMR (130 MHz, 298K, CD3CN):
6=682ppm (s). !°F NMR (280MHz, 298K, CDsCN):
d=-79.34 ppm (s); ESI-MS: m/z (%): 528.4 (100) [M—-(SO3CF5)]";
FT-IR (solid, ATR): v(cm™!)=1601 (w), 1475 (m), 1263 (vs), 1219
(m), 1138 (s), 1229 (s), 1029 (s), 952 (vs), 906 (m), 776 (s), 759
(s), 693 (m), 632 (vs), 596 (m), 572 (m), 517 (m).

2.8. Synthesis of [Cu(L2)](OTf) (6)

A solution of [Cu(L2)](OTf), (84 mg, 0.1 mmol) in 5 mL acetoni-
trile was stirred with FeCp*, (50 mg, 0.15 mmol) at room temper-
ature overnight. The brown solution was filtered and then layered
with 10 mL diethyl ether. An initially formed beige precipitate was
filtered off and the solution was layered with additional 40 mL
diethyl ether to give small red crystals. Yield: 36 mg (57%); m.p.:
189 °C. Elemental Anal. Calc. for Cy3H,5CuFsNgO5S: C, 43.98, H,
4.01, N, 20.07. Found: C, 44.18, H, 3.90, N, 19.81%. 'H NMR
(400 MHz, 298 K, CD3CN): 6=3.19 (s, 9H, -CH3), 5.79 (s, 1H, -
CH), 7.39-7.42 (m, 6H, 2H,), 7.56 (s, 3H, N=C-H), 7.84 (dd,
3Jun = 8.8 Hz, 3Jyy=7.5Hz, 3H, Hy:), 8.67 ppm (d, 3Juy=3.8 Hz,
3H, Ha.); >C{'H} NMR (100 MHz, 298 K, CDsCN): §=37.8 (s, -
CHs), 93.3 (s, —CH) 123.2 (s, Car), 124.0 (s, Car), 130.1 (s, C=N),
137.7 (s, Cas), 1483 (s, Ca), 152.4ppm (s, Cipso); '°F NMR
(280 MHz, 298 K, CD3CN): 6 =-79.36 ppm (s) ESI-MS: m/z (%):
479 (100) [M—(SO5CF3)]"; FT-IR (solid, ATR): v(cm™') = 1596 (m),
1551 (w), 1466 (m), 1281 (m), 1255 (vs), 1221 (s), 1148 (vs),
1103 (w), 1030 (vs), 912 (w), 856 (w), 773 (m), 746 (w), 678
(vw), 636 (vs), 571 (m), 516 (m).

3. Results and discussion
3.1. Syntheses and spectroscopic studies

For the successful synthesis of the new ligand HC[N(Me)N=C(H)
Py]; (L2) we had to develop a new synthetic protocol. To this end,
we have tried to use triethyl orthoformate as suitable source for
the apical CH group. Note that the same starting material has been
used before as C1 building block for the synthesis of cyclic imidaz-
olinium chlorides [43]. Following a slightly modified procedure,
the reaction of triethyl orthoformate with three equivalents of
the pyridine derivative 2-(2-methylhydrazono)methylpyridine in
toluene furnished the tripodal ligand HC[N(Me)N=C(H)Py]; (L2,
Scheme 1) after recrystallization from a THF/hexane mixture. The
reaction needs elevated temperatures of 100 °C and reasonable
yields (63%) are only achieved after 2-3 weeks, even if the formed
ethanol is constantly removed by distillation during the reaction.
However, recrystallization of the crude product from THF and
hexane affords analytically pure L2.
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L2 is stable in air over a long period of time and is soluble in a
wide range of organic solvents. The "H NMR of L2 shows four mul-
tiplets for the pyridyl protons as well as one singlet for the imine
proton in the aromatic region, one singlet for the N-methyl groups
at 6 =3.11 ppm and one for the apical proton at 6 =6.11 ppm.

The multidentate ligands L1 and L2 consist in each case of six
nitrogen donor atoms for possible metal coordination, that is one
pyridine and one imino nitrogen atom for each chelating entity.
In case all six nitrogen donors are k®N coordinated to a metal atom,
the podand ligand topology pre-determines a (possibly distorted)
trigonal prismatic environment within the ligands cavity. To obtain
the mononuclear copper complexes of L1 and L2 we used commer-
cially available copper(Il)triflate  (Cu(OTf),; OTf = triflate,
(03SCF3)7) as metal source. The formation of the dicationic copper
complexes [Cu(L1)](OTf), (3) and [Cu(L2)](OTf), (4) proceeds un-
der mild conditions at room temperature in THF (Scheme 2).

The title compounds were obtained as red-brown and green-
brown precipitates. Recrystallization from an acetonitrile/diethyl-
ether mixture afforded the analytically pure samples as block-like
crystals (81% (3); 82% (4)). The ESI mass spectra showed character-
istic ion envelopes and isotope distributions for [M—(OTf)]" as well
as [2M-(OTf)]*. For both compounds, paramagnetic 'H NMR studies
revealed only two of the four pyridine protons, which were observed
as very broad signals with chemical shifts between 30 and 37 ppm
(W32 =1200 and 1500 Hz for 3 and 560 and 760 Hz for 4). The N-
methyl groups and the imino protons appear in the diamagnetic re-
gion of the spectra and the apical proton of 4 at § = —8.29 ppm.

3.2. Molecular structures of 3 and 4

Complex 3 crystallizes in the monoclinic space group P2;/n with
four molecules and four lattice solvent molecules in the unit cell.

The molecular structure is depicted in Fig. 1. Selected bond lengths
and angles are listed in Table 2.

The molecular structure of 3 verified the formation of a mono-
nuclear Cu(Il) complex with the copper cation coordinated by six
nitrogen atoms of the ligand to create an overall distorted trigonal
prismatic coordination environment. The triflate counter anions
are not in spatial contact with the copper cation. For two of the
three hydrazonyl entities, the copper nitrogen distances of
2.022-2.110 A are in accord with the expected values for non-
distorted copper nitrogen bonds in trigonal prismatic as well as
in octahedral complexes [44,45]. However, it is remarkable, that
the nitrogen atoms of the third arm show an unexpected large dis-
tance from the metal (cf. Cul-N8 =2.384 A; Cu1-N9 =2.264 A). It
is clear from these structural parameters that the copper cation
is not centered within the cavity of the multifunctional ligand,
but dislocated to one square face of the trigonal prism, furnishing
to two elongated cis Cu-N bonds (Fig. 2).

Similar cis bond length distortions have been observed for trigo-
nal prismatic complexes of Cu'! cations before [46-51]. Recently,
Echeverria et al. reported that Cu" complexes with a trigonal pris-
matic coordination sphere show an elongation of two bonds in cis
position due to a Jahn-Teller effect (unlike the more common octa-
hedral Cu" compounds, which usually undergo a trans distortion)
[52]. The benefit of this cis distortion mainly arises from the split-
ting of the e” orbitals (idealized D3, symmetry), possessing signif-
icant Cu-N antibonding character. The structural distortion
towards C,, symmetry leads to an energetically stabilized b, orbi-
tal (Fig. 3).

According to calculations performed by Echeverria et al. [52],
trigonal prismatic Cu" complexes show tendencies to undergo a
rotation in direction of the more favored octahedral conformation,
which is a result of the second order Jahn-Teller effect. This
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Fig. 1. Molecular structure of compound 3 (left) and top view along the PS bond (right). Thermal ellipsoids are shown at the 30% probability level. Solvent molecules and

hydrogen atoms are omitted for clarity.

Table 2

Selected bond lengths (A) and angles (°) for 3.
Bond Angle
Cul-N2 2.087(3) N2-Cul-N3 77.5(1)
Cul-N3 2.110(3) N5-Cul-N6 79.5(1)
Cul-N5 2.028(3) N8-Cul-N9 69.5(1)
Cul-N6 2.022(3) N1-P1-N4 104.5(2)
Cul-N8 2.384(3) N4-P1-N7 105.8(2)
Cul-N9 2.264(3) N7-P1-N1 104.5(2)
P1-N1 1.677(3) P1-N1-N2-Cul 19.6(4)
P1-N4 1.677(3) P1-N4-N5-Cul 38.7(4)
P1-N7 1.666(3) P1-N7-N8-Cul 33.3(3)

Fig. 2. Visualization of the distorted trigonal prismatic coordination environment

around Cu" in 3 and the cis bond lengths distortion.

L1,

D3h

distortion overweighs the cis bond length distortion unless the
ligand architecture prevents this Bailar trigonal twist [53]. Accord-
ingly, a trans distorted octahedral geometry is expected for flexible
ligands, where the donor atoms can liberally rotate, whereas the cis
distortion predominates for inflexible ligands with constrained
donor atoms.

In case of complex 3, the trigonal prismatic structure, which is
pre-determined by the tripodal ligand, is only slightly distorted to-
wards an octahedron. It appears that the pyridylhydrazonyl enti-
ties are somewhat flexible and enable the complex to twist along
the Bailar path towards the octahedral coordination environment.
This trend can easily be observed in the P-N-N-Cu torsion angels,
which are in a range from 19.6° to 38.7°. Therefore, in accord with
the Jahn-Teller theorem [54,55], both distortions, a cis as well as a
trans distortion are observed in the structure. The a priori less obvi-
ous trans distortion is manifested in two elongated bonds, i.e. Cul-
N3 (2.110 A) and Cu1-N8 (2.384 A).

Complex 4 crystallizes in the monoclinic space group P2,/n with
12 title molecules and 12 acetonitrile lattice solvent molecules in
the unit cell. The molecular structure consists of three complexes
in the asymmetric unit. They do not differ substantially in the bond
lengths of the ligands but in the positions of the copper cation in
the ligands cavity. The molecular structure of one complex mole-
cule is shown in Fig. 4. Selected bond lengths and angles are listed
in Table 3.

Fig. 3. Splitting of the e” state of the trigonal prism by a cis distortion (D3, — Cyy). See Ref. [52] for more details.
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Fig. 4. Molecular structure of 4. Only one complex molecule is shown (Cul).

Thermal ellipsoids are shown at the 30% probability level. Solvent molecules and
hydrogen atoms are omitted for clarity.

The complexes containing Cul and Cu3 exhibit substantial cis
bond lengths distortions of the trigonal prismatic nitrogen envi-
ronment, which are even stronger than the distortion in compound
3. The third molecule in the asymmetric unit comprising Cu2 also
shows a clear cis distortion in the bond lengths, but much less sub-
stantial as compared to the other two. The complexes with Cul and
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Cu3 only show a minor twist of the pyridylhydrazonyl entities,
whereas the latter is distinctively twisted towards an octahedron
in case of Cu2. The average value for the C-N-N-Cu torsion angle
is 26.3° (Fig. 5). This fact is also reflected in a pronounced trans
distortion, which is directly observed for the elongated (~0.1 A)
Cu2-N11 (2.170A) and Cu2-N15 (2.298 A) bonds. Within the
Cu3 containing complex, the two trigonal faces are almost congru-
ent and the elongated Cu-N distances in cis position exceed 2.5 A.
A conceivable trans distortion is almost not observable. The obser-
vation of distorted and non-distorted (but twisted) complexes in
one crystal structure is quite unusual. Based on these data it
appears that both the cis Jahn-Teller distortion and the twist along
the Bailar path result in structurally different though energetically
very similar complexes.

In order to shed more light on the differences in the solid-state
structures of 3 and 4, we performed a closer analysis of the struc-
tural parameters. The size of the bridging CH and PS entity strongly
influences the ligand cavity: The N-P-N angles of complex 3 with
an average value of 104.9° differ significantly from the correspond-
ing N-C-N angles of 4 (112.6°). Furthermore, the C-N bonds
(1.449 A) are much shorter than the P-N bonds (1.673 A). Both ef-
fects lead to longer N---N distances between the imino N-donor
atoms (2.848 A) in 3 as compared to 4 (2.763 A). The more obtuse
N-C-N angle in 4 leads in turn to longer N---N distances of the low-
er pyridine N-donor atoms (3: =3.100A; 4: =3.141A). Table 4
summarizes and compares relevant distances between the donor
atoms in the complexes 3 and 4. As expected, 3 consists of a nar-
rower trigonal prismatic cavity, showing similar areas of the imino
and pyridine nitrogen triangular faces, while the coordination cav-
ity of 4 can be described as a truncated trigonal pyramid.

3.3. Electron paramagnetic resonance spectroscopy

Fig. 6 shows the experimental X-band EPR spectra of 3 and 4 re-
corded in a frozen acetonitrile solution at 100 K along with the
simulation, obtained for a system with S=1/2 and hyperfine

Table 3

Selected bond lengths (A) and angles (°) for 4.
Bond Angle
Cul-N2 2.017(6) N2-Cul-N3 80.1(2)
Cul-N3 1.985(5) N5-Cul-N6 66.6(2)
Cul-N5 2.416(5) N8-Cul-N9 79.4(2)
Cul-NG6 2.428(5) N1-C1-N4 111.8(5)
Cul-N8 2.000(5) N4-C1-N7 114.6(6)
Cul-N9 2.062(5) N7-C1-N1 110.7(6)
C1-N1 1.459(9) C1-N1-N2-Cul 34.6(7)
C1-N4 1.432(9) C1-N4-N5-Cul 20.9(7)
C1-N7 1.426(9) C1-N7-N8-Cul —1.4(8)
Cu2-N11 2.170(5) N11-Cu2-N12 76.2(2)
Cu2-N12 2.061(5) N14-Cu2-N15 72.9(2)
Cu2-N14 2.170(5) N17-Cu2-N18 80.0(2)
Cu2-N15 2.298(5) N10-C23-N13 111.7(5)
Cu2-N17 1.989(5) N13-C23-N16 113.3(5)
Cu2-N18 2.059(5) N16-C23-N10 111.8(5)
C23-N10 1.465(8) C23-N10-N11-Cu2 27.3(6)
C23-N13 1.448(8) C23-N13-N14-Cu2 —26.5(7)
C23-N16 1.461(8) C23-N16-N17-Cu2 —25.0(6)
Cu3-N20 2.003(5) N20-Cu3-N21 80.4(2)
Cu3-N21 2.026(5) N23-Cu3-N24 79.9(2)
Cu3-N23 2.026(5) N26-Cu3-N27 63.6(2)
Cu3-N24 2.035(5) N19-C45-N22 110.8(5)
Cu3-N26 2.506(5) N22-C45-N25 115.4(5)
Cu3-N27 2.547(5) N25-C45-N19 112.9(5)
C45-N19 1.447(7) C45-N19-N20-Cu3 15.1(7)
C45-N22 1.460(8) C45-N22-N23-Cu3 19.7(7)
C45-N25 1.442(7) C45-N25-N26-Cu3 2.7(7)
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Fig. 5. Details of the trigonal prismatic cavities of the three different complexes in the crystal structure of 4.

Table 4

Distances between the pyridine and imino nitrogen atoms in 3 and 4 (A).
Imino-N Pyridine-N
3
N2-N5 2.890 N3-N6 3.098
N5-N8 2.864 N6-N9 3.116
N8-N2 2.790 N9-N3 3.085
4
Cul: N2-N5 2.706 N3-N6 3.113
N5-N8 2.710 N6-N9 3.103
N8-N2 2.849 N9-N3 3.142
Cu2: N11-N14 2.770 N12-N15 3.156
N14-N17 2.759 N15-N18 3.170
N17-N11 2.744 N18-N12 3.084
Cu3: N20-N23 2.822 N21-N24 3.180
N23-N26 2.783 N24-N27 3.165
N26-N20 2.721 N27-N21 3.158

couplings to ®3Cu and ®°Cu with I=3/2, a natural abundance of
69.17% and 30.83% and a magnetogyric ratio for the free atom of
7.1113 and 7.6043, respectively. Both experimental spectra look
very similar with no resolved nitrogen hyperfine couplings. In each
case we detected EPR signals of almost axial symmetry. However,
the simulations have been performed using rhombic g tensors.
The spectra of the two compounds show resolved hyperfine cou-
plings (hfcs) to the copper nuclei on one of the three g values of

484 and 518 MHz for 3 and 528 and 565 MHz for 4, respectively.
Due to the large line width, the copper hfcs are only poorly re-
solved. Relevant data are compiled in Table 5.

The EPR spectra of 3 and 4 are comparable with those observed
for distorted octahedral copper complexes known in the literature.
For example, the axially compressed complex [Cu(terpyR8),](Cl04);
(with terpyR8 = 4’-octoxy-2,2":6',2"-terpyridine) exhibits a spec-
trum with two smaller g values without resolved hyperfine coupling
and one g value of 2.26 and a hyperfine splitting of 474 MHz [56].
Sanchez-Piso et al. presented the distorted octahedral complex
[CuL(phen);] with L being N,N-bis[(4-methylphenyl)sulfonyl]
ethylenediamine. This compound also shows similar g values and
copper hfcs[57]. The spectrum of the six-coordinate copper complex
[Cu(pepica),](ClO4), (pepica = 2-(2-pyridylethyl)picolylamine) by
Huang et al. is also comparable to the observed spectra [58]. As men-
tioned before, trigonal prismatic Cu" complexes are relatively rare in
the literature. The copper(Il)bis(1,4,7-triazacyclononane) complex
reported by Haidar et al. shows a nearly axial spectrum with
g)=2.225,g, =2.045 and A = 510 MHz (A, ~ 0). A rhombic distor-

Table 5

EPR spectroscopic data for 3 and 4. Hyperfine couplings are given in MHz.
Compound g; 2 g3 Ay Ay As
3 2.0635 2.0868 22486 <60 <100 484(53Cu)/518(5°Cu)

4 2.0680 2.0905 22460 <60 <100 528(53Cu)/565(5°Cu)

T T T T T
2700 2850 3000 3150 3300 3450

Field [G]

I . T ¥ T * T b
2600 2800 3000 3200 3400
Field [G]

Fig. 6. Experimental (exp.) and simulated (sim.) CW EPR spectra of 3 (left) and 4 (right) recorded in a frozen acetonitrile solution at 100 K at X-band.
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Fig. 7. Cyclic voltammograms of 3 (left) and 4 (right) in acetonitrile at room temperature vs. Fc/Fc*. Scan rate 100 mV s~ !, Pt/[nBusN][PFs]/Ag. Both redox waves show
completely the same behavior in a second CV cycle; only one is shown here for clarity.

tion can only be estimated because of the slightly broadened lines
[51].

3.4. Electrochemistry

The electronic properties of 3 and 4 were examined by cyclic
voltammetry in acetonitrile at room temperature (Fig. 7). All
potentials (including those known from the literature) are given
against the ferrocene/ferrocenium couple (Fc/Fc*) [39].

The voltammogram of 3 shows a quasi-reversible one electron
reduction process centered at ES 2 = —0.11V, with a peak-to-peak
separation of 82 mV and ip,/ipc = 1. We assigned this wave to the
Cu"/Cu' redox couple. Compared with other Cu'/Cu' redox couples
known from the literature, the potential is a considerably anodi-
cally shifted (usually around —0.5V) [57,59,60]. More positive
potentials have only been observed for complexes with highly con-
strained ligands strongly favoring a coordination to Cu' ions in order
to minimize adverse steric interactions [61-64]. The cyclic voltam-
mogram of 4 also shows a quasi-reversible Cu"/Cu' reduction event,
but at a more cathodically shifted potential of E?/z =-034V (A¢p
=80 mV; ip,/ipc ~ 1). Knight et al. introduced a bipyridine based
hexadentate, tripodal ligand, which also has a strong preference
for trigonal prismatic coordination geometries [45]. A tremendous
Jahn-Teller cis distortion was observed for the Cu' complex with
one of the elongated Cu-N bonds exceeding 2.8 A. They also found
the reduction process to be centered at ES 2 =—0.523V.

In general, several parameters can influence the redox proper-
ties of transition metal complexes. As can be seen from the selected
values discussed for copper(ll) complexes, more cathodically
shifted Cu"/Cu' reduction potentials are expected for Jahn-Teller
distorted complexes - either trans distorted octahedral complexes
or cis bond length distorted and trigonal twisted structures. The
more effective the Jahn-Teller distortion, the more negative Cu'"/
Cu! reduction potentials are observed (in the first approximation
and excluding other effects)." The experimentally observed E , val-
ues for 3 and 4 clearly show that both ligands are not perfectly suited
to stabilizing copper(Il) ions (anodically shifted potentials). In addi-
tion to this, the steric or geometric differences of the ligands L1 and
L2,2 which are governed by the inherent properties of the PS and CH

1 This can also be explained by qualitative MO arguments. A more pronounced cis
bond length distortion leads to an energetically more destabilized acceptor orbital (a,,
Fig. 3).

2 Electronic effects exerted by the different bridging PS and CH entities should also
not be neglected.

anchoring units, also result in sizably differing reduction potentials
for3and 4 (AE?/2 = 0.23 V). Based on the electrochemical data it ap-
pears that L1 is less flexible in stabilizing copper(Il) ions as com-
pared to L2. This would also be in accord with the molecular
structures of 3 and 4 showing a less pronounced distortion, i.e. less
effective Jahn-Teller stabilization for 3. Although the true reason re-
mains the subject of speculations, this may, for instance, be a result
of steric repulsions between the N-methyl groups and the PS entity,
which would in turn lead to a less effective cis bond length distortion
or trigonal twisting along the Bailar path of the ligand cavity.

In addition to the quasi-reversible redox processes discussed so
far, we detected further redox processes at more negative
potentials. It seems likely that the electrochemically irreversible
reduction events below —0.6 V (3) and —1.0 V (4) lead to decompo-
sition of the complexes and deposition of metallic copper on the
electrode. The observation of sharp anodic peaks in the return
sweeps in both voltammograms (for 3: Ega =-0.72V; for 4:
Ega = —0.68 V) is characteristic for the so-called “anodic stripping”
process, i.e. a re-dissolution of Cu® from the electrode surface
[61,65,66]. The high current intensity associated with these peaks
is due to the fast re-oxidation of metallic copper. As expected, the
“stripping” potential is independent from the nature of the ligand,
further supporting this assumption. We also detected some addi-
tional, not well-resolved redox waves, which cannot be assigned
to any specific process yet.

3.5. Syntheses and spectroscopic studies of 5 and 6

We were also interested in isolating the corresponding cop-
per(I) complexes and therefore performed some additional pre-
parative studies. Considering the anodically shifted reduction
potentials, we treated both compounds with one equivalent of
decamethyl ferrocene, FeCp*,, in acetonitrile (E° 12(FeCp*3) =
—0.48V in this solvent). The anticipated products, [Cu(L1)](OTf)
(5) and [Cu(L2)](OTf) (6), are formed in moderate isolated yields
of 43% and 57% and were obtained as analytically pure dark green
and red crystals from an acetonitrile/diethyl ether mixture, respec-
tively (Scheme 3).

The NMR spectra of 5 and 6 indicated the formation of mononu-
clear, diamagnetic Cu' complexes. The 3'P{'H} NMR spectrum of 5
exhibits a singlet at § = 68.2 ppm, which is shifted by 5 ppm to low-
er frequencies as compared to the free ligand. A shift to higher fre-
quencies was observed for the N-methyl protons in the 'H NMR
spectra of both compounds. The aromatic region of the'H NMR
spectra is displayed in Fig. 8. Upon coordination of the Cu' cations,
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Scheme 3. Syntheses of 5 and 6.
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Fig. 8. "H NMR spectra of the free ligands L1 (1) and L2 (2) as compared to their copper(I) complexes 5 (5) and 6 (6). Only the aromatic regions of the spectra are shown.
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!

Fig. 9. Molecular structure of 5 (left) and view from the top along the P-S-bond
(right). Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms
are omitted for clarity.

the imino protons of the free ligands L1 and L2 (cf. 5 = 7.81 ppm for
L1 and 7.48 ppm for L2) are shifted to higher frequencies and ap-
pear as singlets at 7.93 ppm and 7.56 ppm. The doublets of the pyr-
idine protons in the 3-position are observed at lower frequencies,
whereas the remaining signals of aromatic protons are shifted to
higher frequencies. Especially the protons in para position to the
pyridine nitrogen atoms are strongly influenced (Ad=0.3 ppm
for 6 and 0.5 ppm for 5). The apical proton of the ligand L2 is
shifted by 0.3 ppm to lower frequencies upon coordination.

3.6. Molecular structures of 5 and 6

The dark green and red crystals of 5 and 6 were suitable for X-
ray diffraction studies. The molecular structures of 5 and 6 are
shown in Figs. 9 and 10. Selected bond lengths and angles are listed
in Tables 6 and 7. 5 crystallizes in the monoclinic space group P2,/c
with four complex molecules in the unit cell, while 6 crystallizes in
the triclinic space group P1 with two complex molecules and four
solvent molecules in the unit cell.

The structural parameters of 5 and 6 are quite similar. Both still
show a distorted trigonal prismatic coordination environment

C1<i5
(T
N2’ l N8

N3

Table 6

Selected bond lengths (A) and angles (°) for 5.
Bond Angle
Cul-N2 2.595(3) N2-Cu1-N3 69.7(1)
Cul-N3 2.068(3) N5-Cul-N6 71.5(1)
Cul-N5 2.480(3) N8-Cu1-N9 74.0(1)
Cul-N6 2.063(3) N1-P1-N4 106.8(1)
Cul-N8 2.391(3) N4-P1-N7 106.9(1)
Cu1-N9 2.080(3) N7-P1-N1 105.3(1)
P1-N1 1.674(3) P1-N1-N2-Cul 31.2
P1-N4 1.669(3) P1-N4-N5-Cul 25.8
P1-N7 1.667(3) P1-N7-N8-Cul 37.4
Distances between the imino (left) and pyridine (right) nitrogen atoms
N2---N5 2.928 N3---N6 3.289
N5---N8 2.970 N6---N9 3.333
N8---N2 2.890 N9---N3 3.208

Table 7

Selected bond lengths (A) and angles (°) for 6.
Bond Angle
Cul-N2 2.543(2) N2-Cul-N3 70.84(8)
Cul-N3 2.096(2) N5-Cul-N6 72.69(8)
Cul-N5 2.440(2) N8-Cu1-N9 71.54(8)
Cul-N6 2.102(2) N1-C1-N4 112.8(2)
Cul-N8 2.487(2) N4-C1-N7 113.5(2)
Cul-N9 2.089(2) N7-C1-N1 112.5(2)
C1-N1 1.452(4) C1-N1-N2-Cul 14.02
C1-N4 1.445(4) C1-N4-N5-Cul 16.62
C1-N7 1.446(3) C1-N7-N8-Cul 20.25
Distances between the imino (left) and pyridine (right) nitrogen atoms
N2-N5 2.805 N3-N6 3.288
N5-N8 2.860 N6-N9 3.398
N8-N2 2.839 N9-N3 3.351

around the copper(I) cations. The views along the (idealized) C3
axes from the top of the molecules show a minor twist of the li-
gands towards octahedral coordination spheres. This can also be
quantitatively deduced from the P-N-N-Cu and C-N-N-Cu torsion
angles listed in Tables 6 and 7. Overall, complex 5 is slightly more
twisted as compared to 6, but the twist is in both cases by far not as
large as in the corresponding Cu" complexes. The copper(l) cations
in 5 and 6 are in each case slightly dislocated towards the trigonal
face formed by the three pyridine nitrogen atoms. The pyridine
copper distances fall within expected ranges (d(Cu-N(py)=

Fig. 10. Molecular structure of 6 (left) and view from the top along the C1-Cul-axis (right). Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms are

omitted for clarity.
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2.07 A for 5 and 2.09 A for 6) [67-69]. However, the imino nitrogen
atoms show, with an average of 2.49 A for both complexes, a com-
paratively long distance from the copper(l) cations. Both ligands
are somewhat dilated, which becomes apparent from the N---N dis-
tances between the pyridine nitrogen atoms and the imino nitro-
gen atoms listed in Tables 6 and 7. The larger separation of the
nitrogen atoms within the pyridine triangle, as compared to the
triangle spanned by the imino nitrogen atoms, clearly shows that
the ligand cavities in both complexes resemble a truncated trigonal
pyramid rather than a perfect trigonal prism.

4. Conclusions

We have described the synthesis and detailed characterization
of the new tripodal, multidentate k®N-donor ligand HC[N(Me)
N=C(H)Py]s (L2) and its coordination behavior towards copper.
We also synthesized analogous complexes of the phosphorus sup-
ported ligand (S)P[N(Me)N=C(H)Py]s (L1) for comparison. Both
the copper(Il) and copper(l) complexes are mononuclear with the
cations coordinated by three imino and three pyridine nitrogen
atoms. The solid-state structures of the copper(Il) species [Cu
(L1)](OTf)2(3) and [Cu(L2)](OTf),(4) show a cis bond length distor-
tion and a trigonal twist due to Jahn-Teller effects. Electrochemical
studies revealed the Cu"/Cu' reduction potentials to be anodically
shifted as compared to other redox couples known from the
literature, especially for the copper(Il) complex 3 consisting of the
phosphorus supported ligand L1. It appears that the latter is less
flexible in stabilizing copper(Il) ions as compared to L2. The corre-
sponding copper(l) complexes 5 and 6 are accessible by reduction
with decamethyl ferrocene. X-ray structures clearly show that the
ligand cavities in both complexes resemble a truncated trigonal
pyramid rather than a perfect trigonal prism.
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