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Structures of Cu(l) and Cu(ll) complexes of sterically hindered tripyridine ligands RL = tris(6-methyl-2-pyridyl)-
methane (HL), 1,1,1-tris(6-methyl-2-pyridyl)ethane (MeL), and 1,1,1-tris(6-methyl-2-pyridyl)propane (EtL), [Cu(RL)-
(MeCN)]PFs (1-3), [Cu(RL)(SO4)] (4-6), and [Cu(RL)(NOs3),] (7-9), have been explored in the solid state and in
solution to gain some insights into modulation of the copper coordination structures by bridgehead alkyl groups
(CH, CMe, and CEt). The crystal structures of 1-9 show that RL hinds a copper ion in a tridentate facial-capping
mode, except for 3, where EtL chelates in a bidentate mode with two pyridyl nitrogen atoms. To avoid the steric
repulsion between the bridgehead alkyl group and the 3-H,, atoms, the pyridine rings in Cu(l) and Cu(ll) complexes
of MeL and EtL shift toward the Cu side as compared to those in Cu(l) and Cu(ll) complexes of HL, leading to the
significant differences in the nonbonding interatomic distances, H+--H (between the 3-H,, atoms), N-++N (between
the N,y atoms), and C---C (between the 6-Me carbon atoms), the Cu—Np,, Cu—Nwecn, and Cu—0O bond distances,
and the tilt of the pyridine rings. The copper coordination geometries in 4—6, where a SO, ligand chelates in a
bidentate mode, are varied from a square pyramid of 4 to distorted trigonal bipyramids of 5 and 6. Such structural
differences are not observed for 7-9, where two NOj; ligands coordinate in a monodentate mode. The structures
of 1-9 in solution are investigated by means of the electronic, *H NMR, and ESR spectroscopy. The *H NMR
spectra show that the structures of 1-3 in the solid state are kept in solution with rapid coordination exchange of
the pyridine rings. The electronic and the ESR spectra reveal the structural changes of 5 and 6 in solution. The
bridgehead alkyl groups and 6-Me groups in the sterically hindered tripyridine ligand play important roles in modulating
the copper coordination structures.

Introduction recently showed more detailed results with a variety of
Structural modulations of copper complexes by subtle related ligand$-%° Suzuki et al. showed that the 6-Me group

perturbations of various tridentate and tetradentate ligandsOn Pyridine rings in TMPA derivatives drastically affects
have been studied to understand the copper/dioxygencoord'nat'on structures and redox potentials of the copper

chemistry'™" Karlin et al. first reported a drastic structural  (g) karlin, K. D.; Hayes, J. C.; Juen, S.; Hutchinson, J. P.; Zubieta, J.

effect of length of the tether groups (methyl or ethyl) in o Bnorgb CherFT;-1R9§3% ZJEI 4126_-F A Karlin K. Do Liu. .- Zubiet
TMPA [tris(2-pyridylmethyl)amine] and TEPA [tris2-py- & g A, Chemm. Sod 988 110 3690, Tt S S0,

ridylethyl)amine] (Chart 1) on Cu(l)/© reactivity and (10) Paul, P. P.; Tyeklar, Z.; Jacobson, R. R.; Karlin, KJDAm. Chem.
Soc.199], 113 5322.
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tris(2-pyridyl) ligands
X =CH, COH, N, P, PO,
As, Sn(n-Bu), and Pb

tris(imidazolyl) ligands

X = COCH3, P
complexes®18toh et al. reported unique effects of a methyl
group attached at a tether group in TEPA derivatiVés.
3,5-Bulky alkyl groups of hydrotris(3,®R -pyrazolyl)borate
ligands (Chart 1) are effective for preventing formation of a

bis-ligand mononuclear complex and make the ligands usefu

to model both monometal and dimetal active sites of

metalloproteins, and structural effects of the 3,5-bulky groups

on Cu(l) and Cu(ll) complexes were reported as ef°
Tolman et al. showed structural effects of bulky alkyl groups

and ring sizes in triazamacrocycles (Chart 1) on the stability

of u-n%n?-peroxo- and dpt-oxodicopper core¥.3?

Similar tridentate facial capping ligands based on nitrogen (43)

heterocycles, tris(2-pyridyl), tris(pyrazolyl), and tris(imida-
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zolyl) tripod ligands (Chart 1), have contributed to develop-
ment of the Cu/@ chemistry33-38 This type of ligand uses
various bridgehead groups, CH, COH, N, P, PO, As, B,
Sn(-Bu), and Pb, which may be useful for introducing
perturbations to the ligand&:%° Stack et al. prepared tris-
(2-pyridyl)methane derivatives systematically modified with
methoxy groups at 6-positions on pyridine rings and at the
bridgehead position to show drastic effects of the methoxy
groups on coordination structures of the Cu(l) and Cu(ll)
complexe$?! Durrant et al. used CNHR entities as bridgehead
groups of tris(2-pyridyl)ymethane derivatives to show that the
bridgehead N atom acts as a coordination déA®@espite
a lot of studies with this type of ligand, the bridgehead alkyl
group has never been used for the structural perturbation.
Our interest in this field is the mechanism of reversible
O»-binding by oxyhemocyanif?~>° Previously, we reported
the crystal structure and reversible-Qinding of a thermally
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Cu Complexes with Tripyridine Ligands

Scheme 1

R = Me (MeL), Et (EtL)

stableu-n%n?-peroxodicopper(ll) complex with a sterically
hindered hexapyridine ligand, [@®.)(H6M4h)](PR)2
(H6M4h 1,2-bis[2-(bis(6-methyl-2-pyridyl)methyl)-6-
pyridyllethane), which released an-@olecule in MeCN/
CH,ClI; upon heating at 80C in vacuo, and was regenerated
by addition of Q at room temperatur®.0On the basis of the
crystal structures of a few-»27?-peroxodicopper(ll) com-

recorded on a JEOL JMN-A 400 spectrometer by using3ilas
an internal standard. ESR spectra were recorded on a JEOL
JES-TE 200 spectrometer at-7298 K. Cyclic voltammograms
(CVs) were recorded on a BAS CV-50W voltammetric analyzer.
The CV measurements were carried out in,CH (ca. 1 x 1073
mol dnr3) using (BuN)PFR; (TBAH) as a supporting electrolyte.
A three-electrode cell with a glassy-carbon working electrode, a
platinum-coil auxiliary electrode, and a reference electrode
Ag/Ag* (TBAH/MeCN) was used.

Preparations. 1,1,1-Tris(6-methyl-2-pyridyl)ethane (MeL).In
dry THF (200 mL), tris(6-methyl-2-pyridyl)methane (2.89 g, 0.01
mol) was dissolved and degassed by evacuation and refilling with
Ar. To the solution was addeatbutyllithium [(1.6 M in hexane),
6.9 mL, 0.011 mol] at-78 °C. The solution was warmed to room
temperature and stirredrf@ h under Ar. The solution was cooled
to —78°C, and CHl (1.27 g, 0.010 mol) was added. The mixture
was warmed to room temperature and stirred for 15 h under Ar.

plexes, we suggested that the Cu coordination structure p|aysAfter the resultant mixture was cooled to room temperature, THF

an important role in the reversible ,;®inding®® Thus,
structural modulation may be important for controlling
reversible Q-binding of the u-y%n?peroxodicopper(ll)

was removed by distillation. To the residue were added 100 mL of
CHCI; and 100 mL of distilled water. The CHElayer was
separated, dried over anhydrous,8@&, and concentrated to
dryness. The oily residue was purified by silica gel column

complex. To gain some insights into structural modulations chromatography (eluent: CH{I MeL (2.90 g, yield 96%) was
of the copper complexes by subtle perturbations on the gptained from the several fractions and recrystallized freiexane.

tripyridine unit, sterically hindered tripyridine ligands having
the various bridgehead groups (CH, CMe, and GRl). =

tris(6-methyl-2-pyridyl)methane (HL), 1,1,1-tris(6-methyl-
2-pyridyl)ethane (MeL), and 1,1,1-tris(6-methyl-2-pyridyl)-

Mp 122.0-123.6°C. Anal. Calcd for GoH2:Ns: C, 79.17; H, 6.98;
N, 13.85. Found: C, 78.95; H, 7.06; N, 13.78. bVis absorption
data (in CHCI,) [Ama/nM (emadm® mol~1 cm™1)]: 267 (10000)
and 274 (8400 sh). IR data/tm~1]: 3050 (pyridine C-H), 2950,

propane (EtL) have been prepared (Scheme 1), and the 2900 (aliphatic G-H), 1585, 1565 (pyridine ring), 1450 €H

structures of Cu(l) and Cu(ll) complexes of RL, [Cu(RL)-
(MeCN)]PR {R = H (1), Me (2), and Et B)}, [Cu(RL)-
(SO {R=H (4), Me (5), and Et §)}, and [Cu(RL)(NQ)7]
{R=H (7), Me (8), and Et 9)}, have been explored in the

solid state and in solution. Here, we report that the coordina-

bending), 825, 800, 790, 760, 720, and 690 (pyridineHC

bending)*H NMR data ¢/ppm vs MgSi) in CD;CN: 7.48 (t, 3H,

py-4), 7.03 (d, 3H, py-5), 6.76 (d, 3H, py-3), 2.40 (s, 9H, 6-£H

py), and 2.19 (s, 3H, CHC). FAB-MS data: m/z 304 [M + H] ™.
1,1,1-Tris(6-methyl-2-pyridyl)propane (EtL). EtL (yield 82%)

was prepared by the same method as MeL using Etl in place of

tion structures of the copper complexes can be systematicallyy;o| Mp 86.8-89.8°C. Anal. Calcd for GiHaNs: C, 79.46; H
modulated by the bridgehead alkyl groups, and especially 7 30; N, 13.24. Found: C, 78.34; H, 7.36; N, 13.06. his

coordination structures of the Cu(ll) sulfate complekesd

absorption data (in C¥Cl,) [Ama/nNM (ema/dm?® mol~t cm™1)]: 268

6 are drastically affected by the bridgehead methyl and ethyl (9600) and 274 (8300 sh). IR data/¢m~2] on KBr disk: 3050

groups, respectively.

Experimental Section

(pyridine C—H), 2950, 2900 (aliphatic €H), 1580, 1565 (pyridine
ring), 1440 (C-H bending), 800, 785, and 775 (pyridine-&
bending)*H NMR data ¢/ppm vs M@Si) in CD;CN: 7.47 (t, 3H,
py-4), 7.04 (d, 3H, py-3), 6.99 (d, 3H, py-5), 2.83 (q, 2HCH,—

All ordinary reagents and solvents were purchased and used agEt)), 2.39 (s, 9H, 6-Chtpy), and 0.68 (t, 3H;-CHjs (Et)). FAB-
received unless otherwise noted. Tetrahydrofuran (THF) was dried MS data: m/z 318 [M + H]*.

over sodium metal and distilled. Absolute MeOH was obtained by
distillation over Mg. MeCN and CkCl, were dried over fOs and
distilled. Tris(6-methyl-2-pyridyl)methane (HL) was prepared by
the method reported previousi§.

Measurements.Elemental analyses (C, H, and N) were carried
out at the Elemental Analysis Service Center of Kyoto University.

[Cu(MeCN)(HL)](PF ¢) (1). MeCN (10 mL) was degassed by a
few cycles of evacuation and refilling with Ar, and [Cu(MeGN)
(PRs) (41.0 mg, 0.11 mmol) and HL (28.9 mg, 0.1 mmol) were
dissolved under Ar. The solution was stirred foh under Ar at
room temperature. Upon addition of dry,&tto the resultant
solution, 1 precipitated as a pale yellow solid. Compouhavas

The amounts of copper were analyzed on a Shimazu AA-610 atomicisolated by filtration (yield 84%) and recrystallized from MeCN/

absorption/flame emission spectrophotometer i absorption

Et,O to give crystals suitable for X-ray structure analysis. Anal.

spectra were recorded on a Hitachi U-3210 spectrophotometer.Calcd for GiH2,N4PRCu: C, 46.80; H, 4.11; N, 10.40; Cu, 11.79.
Infrared (IR) spectra were taken on a Shimadzu IR-400 spectrometerFound: C, 46.34; H, 4.12; N, 10.75; Cu, 11.54. b¥is absorption
with KBr disks. Fast atom bombardment (FAB) mass spectra were data (in CHCIy) [Ama/nm (ema/dm® mol~t cm™1)]: 273 (8800) and

obtained on a JEOL JMS-DX 300 spectrometer usiagitrobenzyl
alcohol (NBA) as a matrixXH NMR spectra in CRCN were

(59) Lee, D.-H.; Wei, N.; Narasimha, N. M.; Tyékl&Z.; Karlin, K. D;
Kaderli, S.; Jung, B.; Zubeiter, A. D. J. Am. Chem. Sod 995
117, 12498.

(60) Kodera, M.; Katayama, K.; Tachi, Y.; Kano, K.; Hirota, S.; Fujinami,
S.; Suzuki, M.J. Am. Chem. So0d.999 121, 11006.

332 (2200). IR datasfcm™1] on KBr disk: 3080 (aromatic €H),
3000, 2900 (aliphatic €H), 1595, 1565 (pyridine ring), 1455, 1380
(C—H bending), 840 (P§, and 760 (pyridine €H bending).*H
NMR data ¢/ppm vs M@Si) in CD;CN: 7.76 (t, 3H, py-4), 7.57
(d, 3H, py-3), 7.28 (d, 3H, py-5), 5.94 (s, 1H, methine), and 2.73
(s, 9H, 6-CH-py). FAB-MS data: m/z 393 [M — PR, 352 M

— PR — MeCNJ*.
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[Cu(MeCN)(MeL)](PF¢) (2). Compound?2 (yield 78%) was
synthesized by the same methodlasising MeL in place of HL,
and recrystallized from MeCN/ED to give crystals suitable for
X-ray structure analysis. Anal. Calcd fopE,.N,PRCu: C, 47.78;
H, 4.37; N, 10.13; Cu, 11.49. Found: C, 47.70; H, 4.33; N, 10.08;
Cu, 11.48. UV-vis absorption data (in C}l;) [AmadNMm (emax
dm® mol~! cm™1)]: 269 (8000) and 342 (2000). IR data/¢m1]
on KBr disk: 3100 (aromatic €H), 2950, 2900 (aliphatic €H),
1590, 1580 (pyridine ring), 1450, 1380& bending), 840 (P§,
and 760 (pyridine €H bending).'H NMR data ¢/ppm vs Me-
Si) in CD;CN: 7.76 (t, 3H, py-4), 7.66 (d, 3H, py-3), 7.28 (d, 3H,
py-5), 2.71 (s, 9H, 6-CHipy), and 2.55 (s, 3H, CHC). FAB-MS
data: m'z 391 [M — PR — CHg]*, 366 [M — PR, — MeCN]*.

[Cu(MeCN)(EtL)I(PF 6) (3). Compound3 (yield 72%) was
synthesized by the same methodlassing EtL in place of HL
and recrystallized from MeCN/ED to give crystals suitable for
X-ray structure analysis. Characterization data3af,O follow.
Anal. Calcd for GsH,gN4PRCu: C, 47.25; H, 4.83; N, 9.59; Cu,
10.77. Found: C, 47.16; H, 4.39; N, 9.66; Cu, 11.03.-tiNs
absorption data (in C¥Cl,) [AmadnNM (ema/dm® mol~t cm™1)]: 277
(8600) and 351 (1400). IR data/Em™1] on KBr disk: 3100
(aromatic C-H), 2950, 2900 (aliphatic €H), 1590, 1580, 1570
(pyridine ring), 1450, 1380 (€H bending), 840 (P, and 760
(pyridine G-H bending).*H NMR data ¢/ppm vs MgSi) in CDs-
CN: 7.76 (t, 3H, py-4), 7.37 (d, 3H, py-3), 7.26 (d, 3H, py-5),
2.81(q, 2H,—CH,— (Et)), 2.51 (s, 9H, 6-Chtpy), and 0.76 (t, 3H,
—CHjs (Et)). FAB-MS data:m/z 421 [M — PR ", 380 [M — PR
— MeCNJ*.

[Cu(SO4)(HL)] (4). CuSQ-5H,0 (25.0 mg, 0.10 mmol) was
dissolved in 10 mL of MeOH. To the solution was added a solution
of HL (28.9 mg, 0.10 mmol) in MeOH (5 mL), and then, blue
solid precipitated immediately. Compountl (yield 94%) was
isolated as blue powder and recrystallized from MeOH/ClH
Et,O to give crystals suitable for X-ray structure analysis. Char-
acterization data fo#-MeOH follow. Anal. Calcd for GgH»1N30,-
SCu: C, 49.99; H, 4.55; N, 8.75; Cu, 13.08. Found: C, 49.82; H,
4.55; N, 8.75; Cu, 13.08. U¥Vvis reflectance dataif,,,/nm]: 710.
UV—vis absorption data (in Ci€15) [AmadNM (ema/dm® mol—t
cmD]: 274 (17000) and 710 (110). IR data/¢§m™1] on KBr
disk: 3050 (aromatic €H), 2950, 2900 (aliphatic €H), 1600,
1560 (pyridine ring), 1450, 1380 (€H bending), 1220, 1140, 1110,
1030, 960, 940 (S§, and 820, 770 (pyridine €H bending). FAB-
MS data: m/z 449 [M]*, 369 [M — SQs]t, 352 [M — SO *.

[Cu(SO4)(MeL)] (5). Compoundb (yield 91%) was synthesized
by the same method a4 using MeL in place of HL, and
recrystallized from MeOH/CLCI, to give crystals suitable for X-ray
structure analysis. Anal. Calcd forg1,;N30,SCu: C, 51.88; H,
4.57; N, 9.08; Cu, 13.72. Found: C, 51.60; H, 4.48; N, 8.92; Cu,
13.42. UVvis reflectance datalf,.,/nm]: 750. UV—vis absorption
data (in CHCly) [Ama/nMm (ema/dm® mol~t cm™1)]: 270 (19000)
and 614 (80). IR datayJcm™1] on KBr disk: 3100 (aromatic €H),
3000, 2950 (aliphatic €H), 1600, 1570 (pyridine ring), 1460, 1390
(C—H bending), 1230, 1140, 1030, 950, 930 Gnd 830, 780
(pyridine C-H bending). FAB-MS data:m/z 463 [M]", 382
[M — SGi)t, 366 [M — SO *.

[Cu(SO4)(EtL)] (6). Compoundb (yield 82%) was synthesized
by the same method dsusing EtL in place of HL and recrystallized
from MeOH/CHCI,/Et,O to give crystals suitable for X-ray
structure analysis. Anal. Calcd for{1,3N3;0,SCu: C, 52.87; H,
4.86; N, 8.81; Cu, 13.32. Found: C, 52.46; H, 4.93; N, 8.58; Cu,
13.34. UVvis reflectance datalf,.,/nm]: 720. UV—vis absorption
data (in CHCly) [Ama/nMm (ema/dm® mol~t cm™1)]: 268 (17000)
and 580 (110). IR datav[cm™] on KBr disk: 3050 (aromatic
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C—H), 2900 (aliphatic &-H), 1590, 1560 (pyridine ring), 1450,
1370 (C-H bending), 1230, 1140, 1030, 945, 920 ($@nd 830,
790, 770 (pyridine €H bending). FAB-MS datam/z 477 [M]*,
380 [M — SO .

[Cu(NO3)2(HL)] (7). Cu(NGs)2+3H,0 (24.2 mg, 0.10 mmol) was
dissolved in 10 mL of MeOH. To the solution was added a solution
of HL (28.9 mg, 0.10 mmol) in MeOH (5 mL). The mixture was
stirred fa 1 h atroom temperature, and pale blue solid precipitated.
Compound7 (yield 88%) was isolated as pale blue powder and
recrystallized from MeOH/CKCI/EL,O to give crystals suitable
for X-ray structure analysis. Anal. Calcd fordEl;gNsOsCu: C,
47.85; H, 4.01; N, 14.68; Cu, 13.32. Found: C, 47.02; H, 4.00; N,
14.38; Cu, 12.86. UVtvis reflectance datatf,o/nm]: 710. UV—
vis absorption data (in Ci1,) [Ama/NM (ema/dm® mol~1 cm-b)]:

272 (18000) and 720 (110). IR date/dm1] on KBr disk: 3050
(aromatic C-H), 2900 (aliphatic &H), 1600, 1580, 1565 (pyridine
ring), 1450 (C-H bending), 1090 (€0), 840 (Pk), and 785
(pyridine C-H bending). FAB-MS datam/z 414 [M — NO3]*,
352 [M — 2NGs) .

[Cu(NO3),(MeL)] (8). Compound8 (yield 91%) was obtained
by the same method a3 using MeL in place of HL and
recrystallized from MeOH/CKCI/EL,O to give crystals suitable
for X-ray structure analysis. Anal. Calcd fordE,;NsOsCu: C,
48.93; H, 4.31; N, 14.26; Cu, 12.94. Found: C, 48.78; H, 4.32; N,
14.20; Cu, 12.79. UVtvis reflectance datatf,o/nm]: 680. UV—
vis absorption data (in Ci1,) [Ama/NM (ema/dm® mol-1 cm=b)]:

271 (17000) and 690 (110). IR date/dm1] on KBr disk: 3050
(aromatic C-H), 2900 (aliphatic &H), 1600, 1580, 1565 (pyridine
ring), 1450 (C-H bending), 1090 (€0), 840 (Pk), and 785
(pyridine C-H bending). FAB-MS datan/z 428 [M — NO3]*,
366 [M — 2NOs]*.

[Cu(NO3),(EtL)] (9). Compound9 (yield 90%) was obtained
by the same method &sing EtL in place of HL and recrystallized
from MeOH/CHCI,/Et,O to give crystals suitable for X-ray
structure analysis. Anal. Calcd for,fB23NsOsCu: C, 49.95; H,
4.59; N, 13.87; Cu, 12.58. Found: C, 49.71; H, 4.48; N, 13.82;
Cu, 12.61. UV-vis reflectance dataifo/nm]: 710. UV~vis
absorption data (in C¥Cl,) [Ama/nNM (ema/dm? mol~t cm™1)]: 270
(19000) and 753 (97). IR data/Em™] on KBr disk: 3050
(aromatic C-H), 2900 (aliphatic &H), 1600, 1580, 1565 (pyridine
ring), 1450 (C-H bending), 1090 (€0), 840 (Pk), and 785
(pyridine C-H bending). FAB-MS datam/z 442 [M — NO3]*,

380 [M — 2NGs*.

Structure Determination of Single Crystals.The structures of
1-9 were determined on a Rigaku AFC7R diffractometer with
graphite monochromated Modkradiation ¢ = 0.71069) and a 12
kW rotating anode generator. Cell constants and an orientation
matrix for data collection were typically obtained from a least-
squares refinement using the setting angles of 25 carefully centered
reflections with 2 near 28. Key facets of the structure determina-
tions for the Cu(l) complexe$—3 and the Cu(ll) complexe4—9
are given in Tables 1 and 2, respectively. The data were collected
at 296(1) K using the—26 scan technique to a maximurd 2alue
of 55.0°.

The w scans of several intense reflections, made prior to data
collection, had an average width at half-height of O0.2ith a
takeoff angle of 6.0 Scans of (1.63+ 0.30 tan#)° were made at
a speed of 160min (in w). The weak reflectionsl (< 10.Q(1))
were rescanned (maximum of 5 scans), and the counts were
accumulated to ensure good counting statistics. Stationary back-
ground counts were recorded on each side of the reflection. The
ratio of peak counting time to background counting time was 2:1.
The computer-controlled slits were set to 3.0 mm (horizontal) and



Table 1. Crystallographic Data fot—3

Cu Complexes with Tripyridine Ligands

1 2 3
formula C2;|_H22N4CUP|'_5 C22H24N4CUP|% C23H26N4CUPF5
fw 538.94 552.97 567.00
cryst syst monoclinic monoclinic triclinic
space group C2/m(No. 12) C2/m(No. 12) P1(No. 2)
alA 18.889(4) 18.547(3) 10.345(3)

b/A 14.102(3) 14.025(2) 13.693(2)

c/A 8.656(3) 8.913(2) 9.439(2)

o/deg 101.88(1)

pldeg 94.92(3) 94.16(2) 96.77(2)

yldeg 103.21(1)

VIA3 2297(1) 2312.2(7) 1254.6(5)

z 4 4 2

Fooo 1096 1128 580

T/I°C 23 23 23

DJ/g cnr3 1.558 1.588 1.501

cryst size/mrh 0.40x 0.20x 0.15 0.50x 0.40x 0.20 0.20x 0.20x 0.20
radiation ¢/A) Mo Ko (0.71069) Mo Ko (0.71069) Mo Ko (0.71069)
26 range 20.1<20 <29.2 29.5 <20 < 30.C° 21.00 <20 <28.2
scan type w—260 w—20 w—260

scan width/deg 1.2% 0.30 tang 1.63+ 0.30 tand 0.89+ 0.30 tang
scan speed/ deg minm! 16.0 16.0 8.0

no. reflns collcd 2923 2942 6087

no. unique reflns
no. reflns (with)

2746R; = 0.065)

1066F,2 > 2.005(Fo?)

2771Rp; = 0.016)

1988 2> 3.005(F?)

5766 R = 0.034)
3308 F,2 > 3.005(Fc2)

no. params 196 202 371

refln/param ratio 5.44 9.84 6.62

ulem™t 10.85 10.80 9.98

R Ry? 0.046, 0.048 0.038, 0.036 0.043, 0.044

GOF index 1.71 0.90 0.70

final diff pmaie A3 +0.36;—0.29 +0.56;—-0.43 +1.50;-1.17

AR =Y ||Fo| — IFcl/Z|Fol. Rw = [SW(|Fol — IFc)¥IW(Fo)?¥2 wherew = 1/0%(Fo).
Table 2. Crystallographic Data fod—9
4 5 6 7 8 9
formula Q_9H19N3055CU QOH21N304SCU Q1H23N304SCU Q9H19N506CU Conz]_NsOeCU C21H23N506CU
fw 464.98 463.01 477.04 476.93 490.69 504.99
cryst syst orthorhombic triclinic monoclinic monoclinic monoclinic monoclinic
space group Pbcm(No. 57) P1 (No. 2) P2:/n (No. 14) P2,/c (No. 14) P2; (No. 4) P2;/n (No. 14)
alA 8.422(3) 9.142(3) 9.265(1) 8.570(2) 8.222(3) 9.441(2)
b/A 18.193(3) 13.708(4) 16.130(3) 13.921(2) 13.983(4) 13.859(2)
c/A 13.876(3) 8.239(3) 14.170(2) 16.878(1) 9.332(3) 16.699(4)
o/deg 90.54(2)
pldeg 104.40(3) 101.83(1) 97.30(1) 103.24(3) 90.64(2)
yldeg 103.02(2)
VIA3 2126.0(8) 972.0(6) 2072.6(5) 1997.3(5) 1044.4(6) 2184.8(7)
z 4 2 4 4 2 4
Fooo 956 478 988 980 506 1044
T/°C 20 20 23 23 20 23
DJ/g cni3 1.453 1.582 1.529 1.586 1.561 1.535
crystsize/mm  0.10x 0.40x 0.40  0.40x 0.40x 0.20 0.20x 0.20x 0.30  0.30x 0.35x 0.20  0.60x 0.50x 0.40  0.20x 0.50x 0.70
radiation 4/A) Mo Ka (0.71069) Mo Ku (0.71069) Mo K (0.71069) Mo Ku (0.71069) Mo Ku (0.71069) Mo Ku (0.71069)
26 range 27.8<20<29.9 28.7<20<30.0 27.2< 20 <29.8 29.3< 260 <30.0 28.8< 20 < 29.7 27.2<20 <29.8
scan type w—20 w—20 w—20 w—20 w—20 w—20
scan width/deg  1.73- 0.30 tand 1.15+ 0.30 tand 0.94+ 0.30 tand 1.31+ 0.30 tand 1.31+ 0.30 tand 1.42+ 0.30 tand
scan speed) 16.0 16.0 16.0 16.0 16.0 16.0
deg minm?t

no. reflns collcd 2786
no. unique reflns

4738
4456, = 0.010)

4087
3819 Ry = 0.034)

5086
4777 R = 0.037)

2668
2504 Ry = 0.014)

5533
5228 Ry = 0.032)

no. reflns 1078 3854 1800 2491 2369 2782
(with) (Fo? > 3.005(Fc?) (Fo? > 3.005(Fo?) (Fo? > 3.005(Fo?) (Fo? > 3.005(Fo?) (Fo? > 2.005(Fo?) (Fo? > 3.005(Fo?)
no. params 150 263 272 281 289 299
refln/param ratio 7.19 14.65 6.62 8.86 8.20 9.30
ulemt 11.60 12.64 11.88 11.42 10.95 10.49
R Ry 2 0.068, 0.080 0.034, 0.035 0.046, 0.050 0.037, 0.038 0.040, 0.041 0.039, 0.040
GOF index 1.48 1.14 2.16 0.74 1.99 0.54
final diff A +1.12;-0.52 +0.38;—-0.40 +5.99;-2.66 +0.74;-0.37 +1.03;-0.57 +0.60;—0.66
pmaie —3

AR = Y [|Fol — IFcl/Z|Fol. Rw = [IW(IFol — IFc[)¥IW(Fo)?¥2, wherew = 1/0%(Fo).

3.0 mm (vertical). The intensities of three representative reflections was applied. All nine structures were solved by direct methods
were measured after every 150 reflections. No decay correction (SHELEXS 86, SIR 92, SAPI 91, and SHELEXS 97) and expanded
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using Fourier techniques. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined. The
function minimized wag w(|Fo| — |F¢|)?> with w = 1. The neutral
atom scattering factors were taken from Cromer and Welver.
Anomalous dispersion effects were includedigf? the values for
Af' and Af"" being taken from the refererfdeand those for the
mass-attenuation coefficierfts All calculations were performed
using the teXan crystallographic software pack&gehe following
information is available in the Supporting Information: a packing

Kodera et al.

methyl-2-pyridyl)ketone) upon aerobic reactions of HL with
CuX; (X = Cl and Br) in MeOH and also autoxidized to
HOL and bpk upon aerobic reactions with catalytic amounts
of various Cu(ll) salts, such as Cug6H,0 and Cu(NQ),-
3H,0.28 In the former reaction, halogenation of HL occurs
at the bridgehead methine position, and the resultant XL
(X = CI and Br) is converted to MeOL via substitution
reaction with MeOH. The autoxidation of HL catalyzed by

diagram of the unit cell and a complete set of crystallographic tables the Cu(ll) ion may proceed via a bridgehead carbon radical

including positional parameters, anisotropic thermal factors, bond
lengths, and bond angles.

Results and Discussion

Preparation of RL. The sterically hindered tripyridine
ligands, RL (R= H, Me, and Et), are synthesized. HL is
prepared according to the previous metfbbleL and EtL,
which have bridgehead methyl and ethyl groups, are derive
from HL via lithiation withn-BuLi at the bridgehead methine
position and subsequent alkylation with Mel and Etl,
respectively.

Syntheses of the Cu(l) and Cu(ll) Complexes 9. The
Cu(l) complexes [Cu(MeCN)(RL)](RF {R = H (1), Me
(2), and Et B)} are anaerobically synthesized from RL and
[Cu(MeCN)](PFs) in MeCN. Once isolated, the Cuft)
MeCN complexes of RL are stable under air in the solid
state and in MeCN and can be recrystallized from MeCN/
Et,O under air. The coordination of MeCN protects3
from O,-oxidation!®51The Cu(l) complexe4—3, however,
are slowly oxidized to green Cu(ll) species under air at room
temperature in CkCl, without apparent generation pf;?:
n?-peroxodicopper(ll) complexes. The reactiond ef3 with
O, are followed by the electronic absorption spectra at room

temperature for three weeks, but any intermediate is not

observed at all. The spectra of the final resultant mixtures
show broad bands at 660700 nm due to ed transitions of
Cu(ll). The MeCN ligand ofl—3 can be substituted by
triphenylphosphine (PBhand carbon monooxide (CO) in
CH.Cl,. The resultant Cu(tyPPh and Cu(l>-CO complexes
of RL are resistant to @oxidation in various solvents. The
Cu(l) complexesl—3 are characterized by the UWwis and
IH NMR spectroscopy and X-ray analysis. The Cu(ll)
complexes [Cu(RL)(S9] {R = H (4), Me (5), and Et 6)},
and [Cu(RL)(NQ);] {R = H (7), Me (8), and Et Q)} are
quantitatively obtained from reactions of RL with CugO
5H,0 and Cu(N@),:3H,0 in MeOH and are characterized
by X-ray analysis, UV-vis, ESR spectroscopy, and cyclic
voltammetry.

In the previous paper, we reported that HL is oxygenated
at the bridgehead methine position to afford MeOL (methoxy
derivatives), HOL (hydroxy derivatives), and bpk (bis(6-

(61) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, U.K., 1974; Vol. 4.

(62) lbers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781.

(63) Creagh, D. C.; McAuley, W. Jinternational Tables for X-ray
Crystallography Kluwer: Boston, 1992.

(64) Creagh, D. C.; Hubbell, H. Hinternational Tables for X-ray
Crystallography Kluwer: Boston, 1992.

(65) Single crystal structure analysis softwanegrsion 1.6: Molecular
Structure Corp.; The Woodlands, TX, 1993.
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intermediateL. On the other hand, stoichiometric reactions
of HL with CuSQy-5H,0 and Cu(NQ)2-3H;0, a 1:1 ratio
of HL/Cu salt, afford the Cu(ll) complexed and 7
guantitatively, respectively. The generation -&f may be
inhibited in the stoichiometric complexation because the
complexation fixes a tetrahedral configuration of the bridge-
head methine carbon in HL to destabilize a planar config-

duration required for-L. The metal free HL, being more

reactive in the autoxidation, does not remain in the stoichio-
metric reaction. These may be reasons for the quantitative
formation of4 and 7 in the stoichiometric reaction. MeL
and EtL, having the bridgehead methyl and ethyl groups,
respectively, are not oxidized upon aerobic reactions with
the Cu(l) and Cu(ll) salts, to give the corresponding Cu(l)
and Cu(ll) complexes quantitatively.

RL ligands stabilize the mono-ligated Cu(l) and Cu(ll)
complexes in the solid state and in solution but do not form
bis-ligated complexes at all even under conditions of excess
ligand due to the steric hindrance of the Me groups at the
6-positions of pyridine rings. Stack et al. reported a similar
feature with a sterically hindered tripyridine ligand MeOL-
(OMe); (tris(6-methoxy-2-pyridyl)methoxymethane) in a
facial-cappingN,N',N"" coordination mode, where MeOL-
(OMe); has four MeO groups; three of them are at 6-positions
of three pyridine rings, and another is at the bridgehead site.
However, MeOL(OMe) forms a bis-ligated complex in a
facial-capping\,N',O coordination mode because the oxygen
atom of the bridgehead methoxy group in MeOL(Obl&gn
participate in the coordinatiott. Therefore, the 6-Me and
the bridgehead alkyl groups of RL are more effective in
preventing the formation of the bis-ligated complex than the
MeO groups of MeOL(OMe)

Crystal Structures of 1—9. Crystal structures of three
Cu(l) complexesl—3 and six Cu(ll) complexed—9 have
been determined. The Cu(l) complexes are composed of a
complex cation [Cu(RL)(MeCNJ}]and a counteranion BF
while for the Cu(ll) complexes, the Cu(ll) ion is coordinated
by counteranions (X= SO, and 2NQ) to form neutral
complexes [Cu(RL)(X)]. The crystal structures reveal that
RL coordinates with three pyridine rings in a facial capping
mode, except foB, where EtL chelates in a bidentate mode
with two pyridyl nitrogen atoms. Significant steric effects
of the bridgehead alkyl groups on the copper coordination
structures are observed in the crystal structures. Crystal
parameters and important data collection for the Cu(l) and
Cu(ll) complexes are summarized in Tables 1 and 2,
respectively.

ORTEP diagrams of the cations [Cu(MeCN)(RLJR =
H, Me, and Et) ofl—3 are shown in Figure 1. The selected



Cu Complexes with Tripyridine Ligands

Figure 1. ORTEP views of the cationic portions of the Cu(l) complexes
1 (a), 2 (b), and3 (c) with the atom numbering scheme (50% probability
ellipsoids).

Table 3. Selected Bond Distances (A) and Angles (deg)¥et3
1 2 3

Cul—N1
Cul—N2
Cul—N3
N1—-Cul—-N2
N1-Cul-N3
N2—Cul—-N2'
N2—Cul—N3

2.088(7)
2.083(5)
1.883(8)
91.1(2)

126.8(3)
91.8(3)

123.1(2)

CutN1
CutN2
CutN3
NECul-NY'
N+Cul-N2
N+Cul—N3
N2-Cul—N3

2.067(2)
2.053(3)
1.900(4)
91.6(1)
90.23(9)
124.15(9)
126.0(2)

CutN1 2.021(4)
CutN2 2.039(4)
CutN4 1.881(4)
NI-Cul-N2 91.7(2)

NECul-N4 135.4(2)

N2-Cul-N4 132.4(2)

bond distances and bond angleslef3 are shown in Table
3. Each cation of and2 lies on a crystallographic symmetry
plane containing the Cu(l) ion, a single pyridine ring, the

(GY]

Cbridgehead

1: black

2:gray

1 2
Figure 2. Pyridine shift of2 compared witHL (A) and the steric repulsion
between the 5-5 atoms and the bridgehead groups represented by the
space-filling models of the pyridine parts bfand2 (B) are drawn on the
basis of the crystal structures bfand 2.
respectively, than the comparable distancels the pyridine
shift leads to subtle differences in the bond distances around
Cu(l) ions; the average CtNpy bond distance i is shorter
by 0.022 A than the comparable distancelinand the
Cu—Nuecn bond distance i is longer by 0.017 A than the
comparable distance ifh. The differences of the CtlNyy,
bond distances ith and2 suggest that the strength of ligand
field given by RL increases with increasing size of the
bridgehead groups. Considering the elongation of the Cu
Nmecn bond distances, the steric hindrance by the 6-Me
groups may be enhanced by the pyridine shift. The

bridgehead group (CH and CMe), and the MeCN ligand, and Cu—Nyecn bond distance iR is longer by 0.015 A than the

each asymmetric unit contains a half of the cation, while
the cation of3 has no symmetry, and the asymmetric unit
contains the whole cation. The Cu(l) ion Inassumes a
nearlyCs; symmetric trigonal pyramidal geometry with three
pyridyl nitrogen atoms of HL coordinating in a facial-capping
mode and with a fourth MeCN ligand; the €My, bond
distances and thef-Cu—Npy, bond angles foll are almost

comparable distance in the Cu(l) complex of MeOL(OMe)
[Cu(MeCN)(MeOL(OMe))](OTf) (10), reported by Stack
et al>* The 6-Me in2 provides greater steric hindrance than
the MeO groups i10. This is because the Me group2ris
larger than the oxygen atom of MeO 1. What is critical

in the steric hindrance of the MeO group is not the overall
size of the MeO group, but the size of the oxygen atom

equivalent (Table 3). The dihedral angles between the directly attached. The copper coordination geometr§ is

pyridine rings inl are exactly 120 In the crystal structures,

2 is similar to 1 as shown in Figure la,b though the
bridgehead methyl ir2 causes significant structural differ-
ences betweefh and 2.

The pyridine rings in2 shift toward the Cu side as
compared to those if, due to the steric repulsion between
the bridgehead methyl group and the Z-Hatoms. The
pyridine shift in 2 is schematically drawn in Figure 2 in
comparison withl. The pyridine shift betweed and2 is

drastically different from those il and 2 due to the
bridgehead ethyl group (see Figure 1). The Cu(l) ior8in
assumes a triangular geometry with two pyridyl nitrogen
atoms of EtL chelating in a bidentate mode and with a third
MeCN ligand. The triangular geometry &is more distorted
than the pseudotetrahedral geometryl ) suggesting that
the 6-Me groups exert a more drastic effect upon the copper
coordination geometry than the 6-MeO groups. The
Cu—N,, bond distances o8 are shorter by 0.056 A on

estimated from differences of the average nonbonding average than those &f This is due to the small coordination

interatomic distances, +H (the 3-H, atoms), N:-N (the

Npy atoms), and &:C (the 6-Me carbon atoms). The
H---H, N---N, and G--C of 1—9 are shown in Supporting
Information. The H--H in 2 is longer by 0.199 A, and the
N---N and the G:+C in 2 are shorter by 0.048 and 0.193 A,

number of 3 (three coordinate) as compared o(four
coordinate). In conclusion, the bridgehead alkyl groups affect
the coordination structures of the Cu(l) complexes through
the steric repulsion to the 3plHatoms, and also enhance
the steric hindrance of the 6-Me groups.
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Table 4. Selected Bond Distances (A) and Angles (deg)4e6

4 5 6

Cul-01 1.976(8) CuO1 1.980(2) CuO1 1.980(5)
Cul-N1 2.28(1) Cut02 2.028(2) Cut02 1.974(5)
Cul-N2 2.022(8) Cu:N1 2.001(2) CuxN1 1.993(5)
Cul-N2 2.112(2) Cu:N2 2.073(5)

Cul-N3 2.119(2) Cu:N3 2.225(6)

01-Cul-O1 72.0(5) OL-Cul-O2 69.81(8) OrCul-02 91.7(2)
O1-Cul-N1 101.4(4) OrCul-N1 175.0(1) O*Cul-N1 174.7(3)
01-Cul-N2 98.8(3) OLCul-N2 97.91(9) OFCul-N2 92.9(2)
01-Cul-N2' 164.9(3) OFCul-N3 91.36(9) OLCul-N3 99.2(2)
N1-Cul-N2 92.0(3) O2Cul-N1 132.3(1) O2Cul-N1 109.9(2)
N2-Cul-N2 87.5(5) O2Cul-N2 126.4(1) O2Cul-N2 140.3(3)
N1-Cul-N2 85.81(9) N1-Cul-N2 84.5(3)
N1-Cul-N3 84.75(8) Ni-Cul-N3 85.7(2)
N2—Cul-N3 98.58(9) N2-Cul-N3 97.2(2)

Table 5. Selected Bond Distances (A) and Angles (deg)#et9

7 8 9

Cul-01 1.992(3) CutO1 1.969(5) CutO1 2.005(3)

Cul-04 1.995(3) Cut04 1.969(3) Cux04 1.979(3)

Cul-N1 2.291(3) CuiN1 2.247(5) CutN1 2.267(3)

Cul-N2 2.058(3) CuiN2 1.982(4) CuiN2 1.976(3)
Figure 3. ORTEP views of the Cu(ll) sulfate complexé<a), 5 (b), and Cul=N3 2.003(3) CutNs3 2.048(5) CutN3 2.029(3)

; . » > P, 01-Cul-04 83.8(1) O1Cul-04 83.8(2) OCul-04 86.9(1)

6 (c) with the atom numbering scheme (50% probability ellipsoids). O1-Cul-N1 97.0(1) OLCul-N1 99.8(2) OLCul-N1 93.5(1)

01-Cul-N2 93.3(1) OXCul-N2 99.2(2) OXCul-N2 95.6(1)
01-Cul-N3 166.8(1) OTCul-N3 170.3(2) O+Cul-N3 178.1(1)
04-Cul-N1 935(1) O4Cul-N1 95.6(2) O4Cul-N1 98.8(1)
04-Cul-N2 177.0(1) O4Cul-N2 168.8(3) O4Cul-N2 165.4(1)
04-Cul-N3 96.5(1) O4Cul-N3 91.3(2) O4Cul-N3 93.2(1)
N1-Cul-N2 87.8(1) NECul-N2 94.6(2) NI-Cul-N2 95.4(1)
N1-Cul-N3 96.2(1) NECul-N3 89.0(2) NI-Cul-N3 88.5(1)
N2—-Cul-N3 86.0(1) N2-Cul-N3 84.0(2) N2-Cul-N3 83.9(1)

Table 6. Differences in the Average Values of Nonbonding Interatomic
Distances between the Copper Complexes of RI=(Rle or Et) and of

HL
differences (A)
cmpd H--H CC N-N
2mel — 1HL 0.199 —0.193 —0.048
Smel — 4uL 0.332 —0.241 —0.068
Get — 4L 0.317 —0.184 —0.053
8Mel — 7HL 0.260 —0.155 —0.058
9k — THL 0.220 —0.183 —0.059

of two nitrate ligands for7—9, where the sulfate ligand
chelates in a bidentate mode while the nitrate ligands
coordinate in a monodentate mode.

The pyridine rings shift toward the Cu(ll) side due to the
Figure 4. ORTEP views of the Cu(ll) nitrate complex@<a), 8 (b), and steric repulsion between the bridgehead alkyl groups and the

9 (c) with the atom numbering scheme (50% probability ellipsoids). 3-Hpy atoms in the Cu(ll) complexes as found in the Cu(l)
complexes. The difference data for the nonbonding inter-

ORTEP diagrams of [Cu(S(RL)] (R = H (4), Me (5), atomic distances ++H, N--*N, and G--C in the Cu(l) and
and Et @)) and of [Cu(NQ)(RL)] (R = H (7), Me (8), and Cu(ll) complexes are shown in Table 6. The difference data
Et (9)) are shown in Figures 3 and 4, and the selected bondin the Cu(ll) complexes are close to the corresponding values
distances and bond angles 46 and 7—9 are shown in in the Cu(l) complexes of MeL and HL, indicating that the
Tables 4 and 5, respectively. The Cu(ll) sulfate complex of pyridine shifts in the Cu(ll) complexes are similar to that in
HL (4) lies on a crystallographic symmetry plane containing the Cu(l) complexes of MeL and HL. The absolute difference
the Cu(ll) ion, a single pyridine ring, the bridgehead CH, values of H--H, N---N, and G--C in the Cu(ll) complexes
and the sulfur and two oxygen atoms of the sulfate ligand, of EtL and HL are slightly smaller than those in the Cu(ll)
and the asymmetric unit contains a half of the complex. Other complexes of MeL and HL, except for the--@C in the
Cu(ll) sulfate 6 and6) and nitrate T—9) complexes have  Cu(ll) nitrate complexes. For the pyridine shifts, the bridge-
no symmetry, and the asymmetric units contain the entire head methyl group is slightly more effective than the
complexes. The Cu(ll) ions id—9 assume five coordinate  bridgehead ethyl group.
structures with three nitrogen atoms of the pyridine rings  The pyridine shifts lead to significant differences in the
and with two oxygen atoms of the sulfate ligand for6 or bond distances around the Cu(ll) ion. With the bridgehead
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alkyl groups, the CtNp, bond distances in the Cu(ll) Table 7. Two Angles (deg) (R or ¢y~ Chridgenheaa~ C2-py—Npy and
complexes are shortened similarly to those of the Cu(l) CU=Nw—Capy) 0f 179
complexes. The average €Wy, bond distances ib and6 cmpd RH or ¢y~ Chridgeneaa C2—py—Npy Cu—Npy—Ca—py

are shorter by 0.031 and 0.011 A than tha#,jmand those in 1 180.0, 170.3, 170.3 172.6,172.0, 172.0
8 and 9 are shorter by 0.025 and 0.026 A than that7in 2 178.4,178.4,180.0 174.1,174.1,175.6
respectively (Tables 4 and 5). On the other hand, the changes 2 igg:g’ igg:g’ I?'& igg:i’ gig 1%153
of the Cu-O bond distances induced by the bridgehead alkyl 5 176.6, 175.6, 154.7 170.8,172.0, 150.5
groups are complicated. The average-@ubond distances 6 172.7,149.0,178.6 177.0,145.2,174.8
in 5 and6 are longer by 0.028 and 0.001 A than thatdin g }SZ:S’ 122;2 %g:g i?ﬁ’ igg:g’ igé:g
while those in8 and 9 are shorter by 0.025 and 0.002 A 9 166.3, 163.4, 158.5 160.4, 165.7, 159.4

than that in7, respectively. The average €® bond pyridine ring free from coordination i@ are 72.8 and 71.5,
distances are elongated by the bridgehead alkyl groups inrespectively, and the angles for all pyridine ringsliand2

the sulfate complexes, but shortened in the nitrate complexesare in the range 17018C°. This indicates that the tilt of the
The difference between the sulfate and the nitrate complexespyridine ring is reasonably estimated from the two angles.
may be caused by the copper coordination geometry. TheThe two angles in1—9 are gradually decreased from

coordination geometry is estimated from thealues. Ther idealized 180 with increasing the size of bridgehead groups
values vary from 0, for an idealized square pyramid, to 1, (CH, CMe, and CEt) as shown in Table 7, indicating that
for an idealized trigonal bipyrami®. Judging from ther the bridgehead alkyl groups directly affect the orientation

values, 0, 0.71, and 0.58 fdr 5, and6, respectively, the  of the pyridine ring$? Stack et al. showed that the dihedral
coordination geometry in the sulfate complexes is varied angles between the pyridine rings in Cu(l) and Cu(ll)
from the idealized square pyramid to the distorted trigonal complexes of tripyridine type ligands having bridgehead
bipyramid. On the other hand, the coordination geometry in methoxy group depend on the positioning of methyl group
the nitrate complexes is not affected by the bridgehead alkyl in the bridgehead methoxy groGpA similar steric effect
groups and is all distorted square pyramid similar to one s observed for the copper complexes of EtL; one of three
another because thevalues of7, 8, and9 are 0.17, 0.025,  dihedral angles between the pyridine rings, 128t 6, the
and 0.21, respectively. The change of the coordination Cu(ll) sulfate complex of EtL, and 131.7%or 9, the Cu(ll)
geometry in the sulfate complexes is clearly shown by the nitrate complex of EtL, are larger than the other two angles,
ORTEP drawings in Figure 3; the O(2fu—0O(1') plane is 110.86 and 113.38for the former and 112.42and 112.53
nearly parallel to the N(2) Cu—N(2') plane in4 (Figure 3a), for latter. Thus, the bridgehead ethyl group behaves similarly
but the O(1)-Cu—0(2) plane is perpendicular to the N(2)  to the bridgehead methoxy group to induce a larger tilt of
Cu—N(3) plane in5 and6 (Figure 3b,c). To avoid the steric  the pyridine rings.
hindrance of the 6-Me groups enhanced by the bridgehead Structures of 1-9 in Solution. The steric effects of the
alkyl groups, the chelate rings of Cu(ll) sulfate 3rand 6 bridgehead alkyl groups are found not only in the solid state
have to vary the configuration around the Cu(ll) ion, leading but also in solution. For Cu(l) complexés-3, the structures
to the drastic change of the coordination geometry. On the in solution are investigated by the electronic absorption
other hand, the monodentate nitrate ligand8 and9 can spectra andH NMR spectra, both of which are consistently
avoid the steric hindrance of the 6-Me groups only by the explained on the basis of the structures in the solid state.
conformational change along the-XD bond in the nitrate  For the Cu(ll) complexed—9, the electronic absorption and
ligands, resulting in the subtle change of coordination reflectance spectra and the ESR spectra revealed that the
geometry (see Figure 4). Thus, the bridgehead alkyl groupscCu(ll) sulfate complexeS and6 undergo structural changes
specifically affect the chelate ring of the Cu(ll) sulfate in solution, while the structures of the Cu(ll) sulfate complex
through the steric repulsion between the 6-Me groups and4 and the Cu(ll) nitrate complex&s-9 in solution are almost
the Cu(ll) sulfate chelate ring, resulting in the dramatic the same as those in the solid state.
change of the copper coordination geometry and elongation The UV—vis absorption spectra of the Cu(l) complexes
of the Cu-O bond distances. 1-3 show two distinct bands, which can be assigned to a
The pyridine rings in3, 5, 6, 8, and9, which have the  ligandz—x* transition and a Cu(l) to ligand charge transfer
bridgehead alkyl groups, are tilted by the steric effect of the (MLCT).195167The 7—n* bands ofl—3 appear in the range
bridgehead alkyl groups. The tilt of the pyridine rings can of 269-277 nm, unaffected by the bridgehead alkyl groups.
be estimated from theRor ¢y~ Coridgeheaa C2—py—Npy dihedral On the other hand, the MLCT bands bfand 2 appear at

angles, the ideal value of which is 180Durrant et al. 332 and 342 nm, respectively, indicating that the ligand field
estimated the tilt of the pyridine rings in various metal strength increases with increasing size of the bridgehead
complexes of tripyridine type ligands from the €Ny,— groups. The slight red shifts of MLCT bands & as

Cas-py angles, which are angles between the-Glyy, bond compared withl may be due to the shortening of the
and the N,—C,-py diagonal of the pyridine ring, with ideal  Cu—N,, bond distances shown in the crystal structures.

value 180.52 These two angles df—9 are shown in Table The 'H NMR spectra of free ligands HL, MeL, and EtL
7. The dihedral angle and the €Myy—Cy-py angle for the  and Cu(l) complexed—3 are measured to investigate the

(66) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G. (67) Shimazaki, Y.; Yokoyama, H.; Yamauchi, @agew. Chem., Int. Ed.
C.J. Chem. Soc., Dalton Tran$984 1349. 1999 38, 2401.
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Table 8. Reflectance and Absorption Spectral Data for thedd Table 9. Isotropic ESR Parameters 4f-9 in CH,Cl,—MeOH (10/1,
Transition Bands o#i—9 in CH,Cl,, MeOH—CHCl, (1:10, v/v), and v/v) in the Range 193298 K and the Anisotropic ESR Parameters in
MeCN—-CH,Cl, (2:8, v/Iv) Frozen Solutions at 77 K
reflectance/ Amadnm (/ML cm1) Aiso [C] Al[G]

cmpd nm in CHCl, in MeOH—CH.Cl, in MeCN—-CHCl, cmpd 298K 273K 243K 223K 193K 77K

4 710 710 (110) 698 (110) 697 (97) 4 54.0 52.3 55.2 53.9 54.8 163

5 750 614 (80) 616 (100) 616 (85) 5 72.4 71.1 70.3 69.9 62.1 154

6 720 580 (110) 663 (110) 599 (100) 6 80.1 78.9 79.3 79.7 71.1 182

7 710 720 (110) 698 (100) 704 (95) 7 45.8 47.8 47.4 48.6 47.8 160

8 680 690 (110) 696 (110) 700 (95) 8 45.4 45.8 45.8 49.1 454 154

9 710 753 (97) 697 (90) 701 (100) 9 67.4 74.0 69.9 72.8 68.7 149

Jiso 9, 9o
2.15 2.15 2.16 2.15 2.15 2.29,2.07
2.13 2.13 2.13 2.13 2.14 2.29, 2.06
2.13 2.12 2.12 2.15 2.11 2.25,2.04
2.15 2.15 2.15 2.15 2.16 2.29,2.07
2.17 2.14 2.15 2.15 2.14 2.29,2.07
2.13 2.14 2.14 2.14 2.13 2.28,2.07

steric effects of the bridgehead groups in solution. The 3-
and 5-H, are assigned on the basis of the cross-peaks
between the 3-F and the bridgeheadt; CHs, and GHo-

CHjs, and between the 54jand the 6-Ei; in the NOESY
spectra (Supporting Information). All other H signals can
be assigned without any additional technique. The chemicalmc HL, 4, and the Cu(ll) nitrate complexeg—9, the

slhifts of three signalr']s, dfue tc;_the g’ 4'_’ r?n?_ @r,]—&tohr?s areh absorption data are close to the reflectance data. When
aimost constant in the free ligands, with slight shifts to the o5y 1 MeCN is added to the solutions, the dlbands

:;)wer frﬁqu?ncy re_g|gn n !\/IeL]:ar;]d Ist!aashcorgp?lze;j to HL of 6 shift to the lower energy region, while those of other
V\l/J.ehtOt eelect:pnlc for;latl?n odt € th“ genhea | a %/lf?roups. complexes are not so affected. The spectral changé of
ith complexation of the ligands, thefisignals shift to suggests the structural change in solution.

Itizz:éi&e -Fr:;efgigfgerse% grr;]]s:)rpilr?erlé_t(il_re;:;tgdlj_sv)i/tr;]d|ne Furthermore, we found unique temperature dependence of
the complexation are 0.51, 0.21, and (').22'100.98, 0.28, the isotropic hyperfin(_e spIitti_ngA(so) values in the E.SR
and 0.25 for2, and 0.33, 0.29, and 0.27 f8f respectively. spectra ob andﬁ. The isotropic ESR parameters@f—g n
The Ad values 0.33-0.90 of the 3-H, are larger than 0.24 CH:Cly/MeOH in the range 193298 K are shown in Table

: ) Y ' 9 along with the anisotropic ESR parameters in the frozen

0.29 of the 4- and 5-f and are largely different i1—3; .
. ; solutions at 77 K. Thé\s, values of5 and6 are larger than
0.90 for 2 is the largest and 0.33 f@ is the smallest. A those of4 and 7—9 at 25 °C and are decreased with

similar tendency is found in th&d values of the bridgehead decreasing temperature. The relatively largg values of5

CH, CHj3;, and H,CHj; groups, which are 0.21, 0.36, and . :
_ . and 6 suggest that the coordination geometry might be
0.02 forl, 2, ands, respectively. These data suggest that distorted to square planar in solutiéi¥! This is consistent

the Ao values reflect the contact between the bridgehead . ) . .

groups and the 3-fjatoms. The largéd values of the 3-k, with the high-energy ed bands n the ab;orptlon spe(?tra

and the E; for 2 indicate the strong contact between the of 5 qnd6. As shpwn already fo8 in the sghd state and in

bridgehead methyl group and the 3;Htoms as shown in solution, the bridgehead ethyl group induces the large
y distortion in the coordination structure to enforce one

the crystal structur€® In contrast, the small\o values of e o o

the 3-H, and the Gi,CH, for 3 may be due to the weak pyridine ring free from coordination. Thus, it is reasonable
Y . that the Cu(ll) ion o6 in solution assumes the square planar

contact between the bridgehead ethyl group and the,3-H geometry with two pyridyl nitrogen atoms and two oxygen

atoms, The structure & in solution may be distorted to atoms of the sulfate ligand, and the other pyridine ring is
reduce the steric repulsion as in the solid state where two ate ligand, by 9
free from coordination. The temperature-dependAt

pyridine rings of EtL chelate in a bidentate mode and the A

other one is free from coordination though the pyridine rings Vﬁlues sugﬁejt that t_he coordination structulre§ ahd 6

are equivalent on théH NMR time scale because of the ]? atr;}ge7v7wt< Egcr:\)reasmtg temaggratrre. ?‘?ﬁa ueoi54 S

rapid coordination exchange of the pyridine rings in solution o_r € hat of specfrum 'ﬁ Icose ?1 Oie afn h

due to labile character of the Cu(l) ion. From these results, 7-9, but that of 182 G 0'6. IS st Qrgert an those o the
other complexes, suggesting that in a frozen solution at 77

it i I hat th in th li . . ) ,
it is concluded that the structures 3 in the solid state K, the Cu(ll) ion of 5 assumes the trigonal bipyramidal

giﬁgitﬁgﬂg Srﬁ:;tslon with the rapid coordination exchange geometry, but that 08 still adopts a square planar geometry.

The reflectance and the absorption spectral data for the El€ctrochemical Properties of 1-9. The redox data of
d—d transition bands of the Cu(ll) complexds 9 in CH,- 1-9are obt_alned from the cyclic voltammograms (CVs) and
Cl, are shown in Table 8. For the Cu(ll) sulfate complexes &€ shown in Table 10. The redox processeé ahd 7—9
of MeL and EtL,5 and6, the absorption data, 614 and 580 N CH:Cl» are quasireversible, but those bfand 6 in
nm, are largely different from the reflectance data, 750 and CH.CI, are irreversible in which the cathodic peaks are very
720 nm, respectively, while for the Cu(ll) sulfate complexes small. The sulfate chelates and the square planar geometries

©oo~NOO O DN

(68) Gelalcha, F. G.; Schulz, M.; Kluge, R.; SielerJJChem. Soc., Dalton (70) Buchanan, R. M.; Wilson-Blumenberg, C.; Trapp, C.; Larsen, S. K.;

Trans.2002 2517. Greene, D. L.; Pierpont, C. Gnorg. Chem.1986 25, 3070.
(69) Dias, H. V. R.; Lu, H.-L.; Kim, H.-J.; Polach, S. A.; Goh, T. K. H. (71) Hasty, E. F.; Colburn, T. J.; Hendrickson, D.INorg. Chem1973
H.; Broening, R. G.; Lovely, C. JOrganometallic2002 21, 1466. 12, 2414.
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Table 10. Results from Cyclic Voltammetry Experimefts

cmpd solvent Epa(mV) Epc (MV)
1 CH.Cl, 643 508
2 CH.Cl; 606 446
3 CH.ClI, 607 448
4 CH.Cl, 624 494

20% MeCN/CHCI, 611 494
5 CH.ClI, 628 483
20% MeCN/CHCI, 600 491
6 CH.Cl, 651 521
20% MeCN/CHCI, 609 486
7 CH.Cl, 615 467
8 CH.Cl, 593 430
9 CH.Cl, 604 467

of the copper complexes, have been repottédVe have
studied the Cu/@chemistry by using the sterically hindered
tripyridine ligand, HL. In this study, the sterically hindered
tripyridine ligands having bridgehead methyl and ethyl
groups, MeL and EtL, have been newly synthesized, and
the structures of the Cu(l) and Cu(ll) complexes of HL, MeL,
and EtL in the solid state and in solution have been
investigated. The bridgehead alkyl groups exert a dramatic
effect on the coordination structures through the steric
repulsion between the bridgehead alkyl groups and thg,3-H
atoms, leading to the pyridine shift. The pyridine shift
shortens the CuNpy bond distances to strengthen the ligand

a All potentials are reported vs SCE at room temperature. Concentration field and enhances the steric hindrance of the 6-Me groups

of the supporting electrolyte TBAH is 0.1 M. Concentration of complex is
0.2 mM. Scan rate = 30 mV s'%.

in 5and6 in solution favor the Cu(ll) states and may inhibit
the reduction to the Cu(l) state. Upon addition of MeCN,
the CVs of Cu(l) complexed—3 become extremely ir-

at the pyridine rings to affect coordination of the external
ligands, MeCN, sulfate ions, and nitrate ions, leading to the
distortion of the coordination structures. The bridgehead
methyl group has the strongest contact with the,gatoms

to induce the largest pyridine shift. The bridgehead ethyl

reversible. The irreversible redox process may be caused bygroup not only induces the pyridine shift but also affects

coordination of MeCN as a fifth ligand in the Cu(ll) st&fe.
In contrast, it was reported that the reversibility of CVs in a
series of Cu(l) complexes of 6-MeO-substituted tripyridine
ligands is improved upon addition of MeCG:NThe opposite
effect of MeCN may be explained by accessibility of MeCN.
The 6-Me groups might inhibit the coordination of MeCN

the orientation of the pyridine rings, where the dihedral
angles between the pyridine rings depend on the positioning
of the methyl group in the bridgehead ethyl group as found
in 3, 6, and9. Especially large conformational distortion of
the pyridine ring is observed B) where one of three pyridine
rings is free from coordination and EtL chelates in a bidentate

as a fifth ligand because the 6-Me groups provide greater mode. In6, similarly, one pyridine ring may be free from
steric hindrance than the 6-MeO groups as already shown.coordination in solution because the spectral data suggest

The incomplete binding of MeCN as a fifth ligand in the
oxidation states ol—3 may lead to irreversible CVs. The
CVs of 7—9 become irreversible upon addition of MeCN,
similar to those ofL—3, while the reversibility in the CV of
6 is slightly improved. The irreversible CVs in-9 may be

the copper coordination geometry is square planar, although
in the solid state, three pyridine rings coordinate to form
the distorted five-coordinate geometry. The modulations of
the copper coordination structures with the bridgehead alkyl
groups may give useful information for improving reversible

due to the ligand exchange of the nitrate with the MeCN. In Oz-binding of the Cu(l) complex of a sterically hindered

6, the coordination of MeCN to the square planar Cu(ll) ion
is favorable for formation of the Cu(l) state, leading to
improvement of reversibility of the CV. Differences of the
redox potentials inl—9 are small. Thek;; value of1 is
higher by ca. 50 mV than those @fand3, indicating that

the bridgehead alkyl group may destabilize the Cu(l) state.

This is consistent with the shortening of the-€\,, bond
distances and the red shifts of the MLCT band4i8.

Conclusion

hexapyridine ligand.
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The structural modulation of copper complexes with subtle distances, H-H (the 3-H,, atoms), N-:N (the N,, atoms), and
perturbation of the ligands is an essentially important C---C (the 6-Me carbon atoms) fot—9; Figures S+ S6, the

approach for studying the Cus©hemistry. Many bidentate,

NOESY spectra of HL, MeL, EtL and the Cu(l) complexes3.

tridentate, and tetradenate ligands have been used to invesThiS material is available free of charge via the Internet at

tigate the Cu/@chemistry, and modifications of the ligands,

http://pubs.acs.org.

which lead to the structural modulation and functional control 1C026008M
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