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ABSTRACT: Tris(abpy) complexes of types mer-[Cu™(abpy);}[PFel
(mer-1*[PFZ],) and cte-[Cu(abpy)s(bpy)](PFel: (cte-2"[PFg2)
were successfully isolated and characterized by spectra and single-crystal
(abpy = 2,2'-azobispyridine; bpy = 2,2 e
jons with catechol, o- e
and diphenylamine (Ph—NH-Ph)
in 2:1 molar ratio afford [Cu'(abpy)a]” (3*) and cotrespondin
derivatives. The similar reactions of [Cul*(bpy);]** and [Cu"(phen)s]**
and [Cu'(phen),]* imply
that these complexes undergo reduction- induged ligand dissociation
~N==N- lengths

X-ray structure determinations
bipyridine). Reactions of mer-1**
aminophenol, p-phenylenediamine,

and cte-2*

with these substrates yielding [Cul(bpy)a)

reactions (phen = 1 ,10-phenanthroline). The average
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in mer-1**{PFg ], and cte-2%*[PF; ], are 1.248(4), while that in 3*[PFg]

2CH,Cl, is relatively longer,
reversible wave at =042 V due to Cu/Cu' and abpy/abpy’
abpy/abpy"”
and the cathodic 3*/3 redox waves at +0.33 and
functional theory (DFT)

couple, while those of cte-2%* ion appear at —0.44,
—0.40 V are reversible. The electron paramagnetic resonance spectra and density

calculations authenticated the existence of abpy anion radical
state of [Cu'(abpy®3* ™) (abpy®**7)] and [Cu"(abpy*™)(abpy" )] states.

1275(2) A, due to dgy = 7™ back bonding. In cyclic v‘oltammetr&, mer-1%* exhibits one quasi-

couples and two reversible waves at —~0.90 and —1.28 V due to

—0.86, and —1.10 V versus F¢'/F¢ couple. The anodic 32/3°

which is defined as a hybrid

(abpy* ") in 3,
of copper(11} of type

3%* jon is a neutral abpy complex

[Cu"(abpy),]**. 3 exhibits a near.IR absorption band at 24003000 nm because of the intervalence ligand-to-ligand charge

transfer, elucidated by time-dependent DET calculations in CH,ClL,.

B INTRODUCTION

The role of copper ion in biology is noteworthy. It transfers
electron relatively at lower potential and exists in cytochrome ¢
oxidase,’ hemc’cyanin,2 and other important electron-transfer
proteins/redox enzymes such as azurin, plastocganin, laccase,
ferroxidase, tyrosinase, and ascorbate oxidase.>™” Activities of
copper complexes in vitro as catalysts are vigorously
t.’.ncouraging.8 Coordination complexes of copper that partic-
ipate in redox reactions with organic substrates, are
documented >*® As the copper ion holds different geometries
in different redox states, the geometry-dependent reactivities of
the copper ion complexes are reported.” In this project,
combination of redox-active copper(1l) ion with redox
noninnocent fragments, which induce new electronic states in
the complexes due to redox reactions of the coordinated
1igands,'2 was considered to be significant to develop functional
molecules of copper in laboratory. The coordination complexes
of copper(ll) ion with the redox noninnocent ligand
particularly of tris types that can participate in multielectron
transfer reactions are of potential interest to establish new
redox states and their reactivities.

In this work, we were persuaded to explore the tris
complexes of redox noninnocent 2,2 -azobispyridine (abpy)
ligand13 with copper(ll) jon. The —N=N- function,

© 2015 American Chemical Society
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isoelectronic to singlet 0, molecule that coordinates to
biomolecules as superoxide (0,"") and peroxide (0,),
exhibits similar electronic states to those of the coordinated
0, molecule. The existence of the —=N==N~- function of the
abpy ligand in the complexes as one-electron reduced azo anion
radical ([~NN—=]*") and two-electron reduced hydrazido
([-NN=]*") states were authenticated.'* Note that the tris
complexes of copper(II) with bidentate N,N-donor ligands are
rare. Reported such complexes are [Culen),]* (en =
ethylenediamine),‘5 [Cu(bpy)s)** (bpy = 2,2 -bipyridine), 6
[Cu(phen);]** (phen = 1,10-phenan‘thrc»line),17 and [Cu(bpy)-
(ptsb),]** (ptsb N-p-tolylpyridine—Z-aldimine).163 As the
copper(Il) ion in a octahedral geometry exhibits Jahn—Teller
distortion, generation of tris complexes of copper(1l) ion with
bidentate ligands is a challenge to synthetic inorganic chemists.
Moreover, tris complexes of transition metal ions with abpy,
one of the stronger 7 acidic bidentate and bridging 1igands,18
are limited, while tris(bpy)19 and tris(2-phenylazopyridine)zo
complexes are nuUMEToUs. So far only a tris(abpy) complex of
futhenium(II) ion of type [Ru(abpy);)** has been reported in
literature.” In this work, we were successful in isolating two
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Table 1. Crystallographic Data for mer-1¥*[PF;], cte-2*[PF;];, and 3*[PFz]-2CH,CL"

merd (PR ]y

formula C3oHy CuF 3N ;P2
fw 906.09

cryst color black

cryst system monoclinic
space group P2y/n

a (A) 14.1245(11)
b (A) 14.4934(10)
c (A) 19.195(3)

B (deg) 110.953(8)
V(&) 3669.6(7)

z 4

T (K) 100(2)

refl. collected (20,,,) 60.00

p caled (g em™) 1.640
unique refl. 79363

ref (I > 20) 7168

. (mm™) 0.786

i (A) 071073
F(000) 1820
R1%/goodness of fit* 0.0657/1.059
wR2? [T 20 (1)) 0.1484

no. of params/restr. 558/186
residual density (e A™) 0.947/-0.530

o2 [PE L, 3[PE;J2CHCL
C3o HyCuF;pNyoPy CaoH 6CuF NP
878.07 576.92
brown black
orthorhombic triclinic
Pben PT
9.9196(13) 7.3353(3)
22.4852(14) 12.3442(6)
16.444(2) 12.7166(9)
90.00 92.653(4)
3667.7(7) 1108.81(11)
4 2
100(2) 100(2)

58.20 66.16

1.590 1.728

45 549 16 617

3661 6914

0.782 1.136
0.71073 071073
1764 S80
0.0820/1.138 0.0370/1.048
0.1881 0.0923
313/164 325/0
1.123/-0.532 0.617/--1.101

8Qbservation criterion: I > 26(1). YR1 = YNF,| — [F)/ ZIF,l. ‘GOF = {Dlw(Ez2 ~ FA/(n = )6 4R = {3 [w(F,? - Iﬂz)z]/Z[w(I-’(,z)z]}l/2

where w = 1/[6F,2) + (aP)* + bP), P = (B} + 2R)/3.

new tris(abpy) complexes of copper(Il) ion, of types mer-
[cu(abpy);]1{PFs], (mer-1**[PE;],) and cte-
[Cul'(abpy),(bpy) 1 [PFs}, (ctc-2*'[PFg ],). It is observed that
mer-12*[PFg J; and cte-2**[PF; ], react with redox noninnocent
organic substrates, for example, catechol, c-aminophenol, p-
phenylenediamine, and diphenylamine (Ph—NH~Ph), yielding
a bis(abpy) complex of copper(I) of type [Cul(abpy).]* (3*).
Surprisingly, similar reduction-induced ligand dissociation
reactions of the [Cu”(bpy);]** and [Cu(phen),]** fons with
the above redox noninnocent substrates are also authenticated.
These reactions of copper(Il) ion complexes producing
copper(I) complexes are defined as reduction-induced ligand
dissociation reactions. The organic substrates are oxidized by
two electrons. Thus, mer-1¥, ctc-2%, [Cu(bpy);]*, and
[Cul(phen),]** ions 1garallel the activities of catecholoxidase,”
aminophenoloxidase,” and amineoxidases.? In this article,
syntheses, structures, and spectra of mer-17[PF; ], cte-
2*[PF;], and 3*[PF;] are reported. The ground electronic
states of mer-12*, ctc-2*, 3%, and electrogenerated [Cu(abpy),]
(3) and [Cu(abpy),}** (3**) complexes were investigated by
the spectroelectrochemical measurements, electron paramag-
netic resonance (EPR) spectra, and density functional theory
(DFT) calculations. 3 has been defined as a hybrid state of
copper(11) and copper(l) ions incorporating abpy anion radical
(abpy*"). Origins of lower-energy electronic transitions were
elucidated by quantum chemical calculations on 3, 3%, and 3%
ions.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. Reagents or analytical
grade materials were obtained from commercial suppliers and used
without further purification. Spectroscopic grade solvents were used
for spectroscopic and electrochemical measurements. The C, H, and N
content of the compounds were obtained from a PerkinElmer 2400
Series 1 elemental analyzer. Infrared spectra of the samples were
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recorded from 4000 to 400 em ™! with KBr pellets at room temperature
on a PerkinElmer Spectrum RX 1 FT-IR spectrophotometer. 'H NMR
spectra in CDCl; solvent were recorded on a Bruker DPX 300 MHz
spectrometer. Electrospray ionization (BSI) mass spectra were
recorded on a micro mass Q-TOF mass spectrometer. Electronic
absorption spectra in solution were recorded on a PerkinElmer
Lambda 750 spectrophotometer in the range of 3300-175 nm.
Magnetic susceptibilities at-298 K were recorded on a Sherwood
Magnetic Susceptibility Balance. The X-band EPR spectra were
recorded on a Magnettech GmbH MiniScope MS400 spectrometer
(equipped with temperature controller TC HO3), where the
microwave frequency was measured with an FC400 frequency countet.
The EPR spectra were simulated using EasySpin software. The
electroanalytical instrument, BASi Epsilon-EC for cyclic voltammetric
experiments in CH,Cl, solutions containing 0.2 M tetrabutylammo-
nium hexafluorophosphate as supporting electrolyte, was used. The
BASi platinum working electrode, platinum auxiliary electrode, and
Ag/AgCl reference electrode were used for the measurements. The
redox potential data are referenced versus ferrocenium/ferrocene, Fc*/
Fe, couple. BASi SEC-C thin-layer quartz glass spectroelectrochemical
cell kit (light path length of 1 mm) with platinum gauze working
electrode and SEC-C platinum counter electrode were used for
spectroelectrochemistry measurements.

Syntheses. 2,2’-Azobispyridine (abpy). This was synthesized by
an oxidative coupling reaction of 2-aminopyridine using a reported
procedure.'

mer-[Cu(abpy) lIPFel, (mer-13[PF;]). To a solution of Cu-
(NO,),-3H,0 (120 mg, 0.5 mmol) in MeOH (15 mL}), and CH,CN
(15 mL), abpy (368 mg, 2 mmol) was added, and the solution was
stirred for 48 h. A reddish-brown solution was obtained. To this brown
solution, NaPF; (168 mg, 1 mmol) in MeOH (10 mL) was added, and
the reaction mixture was allowed to evaporate slowly. After 2-3 d,
brown crystalline mass of mer-1>*[PFg |, separated out, which was
collected and dried in air. Crystals of mer-1**[PF; ], were prepared by
slow diffusion of n-hexane to the CH,Cl, solution of the brown mass
in a glass tube at 298 K (single crystals for X-ray studies were collected
from this crop). Yield: 253 mg (~56% with respect to Cu). Mass
spectral data [ES], positive ion, CH,CN]: m/z 307.7 for [12*)/2, 6156

0O01: 10.1021/ic502750u
Inorg. Chem. 2015, 54, 13001313
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Figure 3. ORTEP plot of mer-1%* with 40% thermal ellipsoids (PFg
ions and hydrogen atoms are omitted for clarity).

Figure 4. ORTEP plot of ctc-2** with 40% thermal ellipsoids (PFg
ions and hydrogen atoms are omitted for clarity).

Table 3. Selected Experimental and Calculated Bond
Lengths (A) of mer-1** Ion

experimental (mer-1*[PF;),)  caléulated prer-12*

Cu-N(1) 2.037(3) 2.047
Cu-N(8) 2.429(3) 2346
Cu—-N(21) 2.013(3) 2.024
Cu—N{41) 2.017(3) 2.025
Cu—-N(48) 2.080(3) 2.200
Cu—N(28) 2.311(3) 2.250
N(1)~C(6) 1.347(5) 1.354
C(6)~N(7) 1.428(5) 1.406
N(7)-N(8) 1.248(4) 1257
N(21)~C(26) 1.348(4) 1.354
C(26)—-N(27) 1.419(4) 1402
N(27)-N(28) 1.255(4) 1256
N(41)~C(46) 1.340(4) 1348
C(46)-N(47) 1.414(4) 1413
N(47)-N(48) 1.251(4) 1.254

3*[PF;]-2CH,Cl, crystallizes in the PT space group. The
molecular structure in the crystals and the atom labeling
scheme are depicted in Figure 5, and the selected bond
parameters are.given in Table 5. The CuN, tetrahedron is
distorted. The dihedral angle (@) between two abpy planes is
81°. In absence of Jahn—Teller distortion that was present in
12*[PF;], and 2**[PFg},, the Cu—N,,, distances in 3*[PFg]:
2CH,Cl, are relatively shorter. The average Cu—N,,, lengths
are 1.967(2) A. The average Cu"—N,, lengths, 2.009(2) A, are
comparable to those observed in mer-1**[PF;], and ctc-
2% [PF;],. The N(7)=N(8) and N(27)-N(28) azo lengths,
1.277(2) and 1.274(2) A, are relatively longer than those found
in the structure of 1**[PFg], 2**[PF;l, and [(u-abpy)-
{Cu'(PPh,),}.](PEg),.* However, the —N==N-— lengths are
shorter than that, 1.345(7) A, observed in an abcp®™ anion
radical stabilized in a complex of copper(I) of type [(u-
abep){Cu'(PPh;),},1(PFy) (abc]f = 2,2'-azobis(S-chloropyr-
imidine) reported by Kaim et al.'*

Electrochemical Studies. The redox activities of mer-1**,
ctc-2%, and 3" ions in a mixture of CH,Cl, and CH;CN (5:1)
solvents were investigated at 298 K by cyclic voltammetry. The

1304

Table 4. Selected Experimental Bond Lengths (A) of cte-
2*[PFg],

Cu(1)-N(21) 2.004(4)
Cu(1)-N(1) 2.021(3)
Cu(1)-N(8) 2.446(3)
N(1)-C(6) 1.353(5)
C(6)-N(7) 1.423(6)
N(7)-N(8) 1.246(s)
N(8)-C(%) 1.450(7)
C(9)-N(14) 1.327(9)
N(21)-C(26) 1.344(6)
N(21)-C(22) 1.345(7)
C(13)-N(14) 1.350(9)

Figure 5. ORTEP plot of 3* with 40% thermal ellipsoids (PFg ions,
CH,Cl,, and hydrogen atoms are omitted for clarity).

redox potential data, referenced to ferrocenium/ferrocene
(Fc*/Fc) couple, are summarized in Table 6. At cathode,
mer-12* displays one wave at —0.42 V due to the Cu**/Cu* and
abpy/abpy®~ reduction couples and two reversible waves at
—090 and —128 V due to the abpy/abpy®™ couples as

DO 10.1021/ic502750u
Inorg. Chem. 2015, 54, 1300-1313
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Table 5. Selected Experimental Bond Lengths
B3LYP Functional

(A) of 3* and Calculated Parameters of 3%, 3, 3%, 37, and [Zn(abpy),]" Using

experimental caleulated
""" 3*[PF;]12CH,CL 3! 3 3 EFil (Za(abpy),]*
M(1)-N(8) 1.963(2) 2.063 2.022 2.046 2.022 2.062
M(1)-N(28) 1971 (2) 2.064 2.023 2.048 2.023 2.061
M(1)-N(21) 2.003(2) 2.124 2.103 2.045 2.090 2.170
M(1)-N(1) 2.017(2) 2.125 2.102 2.046 2.089 2.169
N(1)-C(2) 1.343(2) 1.338 1341 1.339 1.377 1.343
N(1)~C(6) 1.349(2) 1.349 1361 1.360 1.341 1.362
C(6)-N(7) 1.411(2) 1411 1.377 1403 1.349 1.392
N{7)—-N(8) 1.277(2) 1.262 1.308 1255 1.338 1.288
N(8)-C(9) 1.432(2) 1423 1.401 1414 1.379 1.393
C(9)~-N(14) 1.335(2) 1.338 1.345 1.341 1.356 1347
C(26)~N(27) 1.407(2) 1411 1377 1403 1.349 1.392
N(27)-N(28) 1.274(2) 1.262 1.308 1255 1.338 1287
N{(28)—C(29) 1433(2) 1.423 1402 1415 1379 1.393
C(29)~-N(34) 1.339(2) 1339 1.345 1.340 1.356 1.347

Table 6. Redox Potential of mer-1*[PF;],, ctc-2*[PFg],, and 3*[PF;] in CH,CL,/CH;CN (5:1) Solvent Mixture Determined

by Cyclic Voltammetry at 298 K

compounds BV (AE®, niV) Ely, V (AE", mV) B}y V (AES, mV) Ely V (AE?, mV)
mer-1*[PE;], ~0.42 (300) —090 (100} —1.28 (100)
cte-22[PFg ), +043" ~0.44 (70) ~0.86 (50) —1.10 (140)
3*[PF;] +0.33 (180) ~040 (150)

“Peak-to-peak separation. bCathodic peak potential.

-0.47V

+0.24V
0.32V

(a) b

(b) ©

+0.42V

00 -0.8 1.6 08 0.0 -0.8 1.6 08 0.0 08
Potential (V) Potential (V) Potential (V)

Figure 6. Cyclic voltammograms of (a)
Conditions: 0.2 M [N(n-Bu),]PF supporting electrolyte; scan rate,

mer-12[PF], (b) cte2*[PFg], and {c) 3'[PFg] in CH,CL/CH,CN (5:1) solvents mixture at 298 K.
100 mV s~}; platinum working electrode.

llustrated in Figure Ga. The first cathodic wave is quasi-
reversible (peak-to-peak separation (AE) increases with
increase of scan rate as illustrated in Supporting Information,
Figure $2: AE = 230 mV at 50 mV sec”}; AE = 370 mV at 400
mV sec”!) and may be due to the reduction-induced ligand
dissociation reaction. The ctc-22* ion exhibits these cathodic
waves at —0.44, —0.86, and —1.10 V as depicted in Figure 6b.
The anodic wave of ctc-2* ion at 043 V is irreversible.
However, the redox features of 3" ion is different. Both the
anodic and cathodic waves of 3* jon at +0.33 and —0.40 V are
reversible as shown in Figure 6c. The EPR spectra (vide infra)
of the electrogenerated 3°* ion and the neutral 3 confirm that
the anodic wave is due to the Cu**/Cu* couple, while the
cathodic wave is due to the abpy/abpy’~ couple.

EPR Spectra. Magnetic susceptibility measurements at 298
K confirmed the one-electron paramagnetism of mer-12*[PFg 1,
and ctc-2**[PF; ], complexes. X-band EPR spectra of the frozen
CH,Cl, glasses (123 K) of mer-1>*[PF;], and ctc-2**{PF; ],
were recorded. The spectra with simulations are illustrated in
Figure 7, and the EPR parameters are summarized in Table 7.

1305

2.8 2.4
g value

24 2.0 16

g value

28

Figure 7. X-band EPR spectra of the frozen CH,Cl, glasses of (a) mer-
13[PFz], and (b) cte-2?*[PFg ], (black, experimental; red, simulated)
at 123 K

The axial EPR spectra of mer-1**[PFg]; and ctc- 22*[PF;], are
similar. The spectra exhibit hyperfine structures due to B5Cu
nuclei. The simulated g parameters are mer-12, g, = 2062, g, =
2.245; cte-2*, g = 2.043, g, = 2.233, which are consistent with
those reported for copper(11) complexes.” The EPR spectrum
of the frozen CH,Cl, glass of 3** at 123 K with simulation is
shown in Figure 8a. The hyperfine structured spectrum with g,

DOk 10.1021/ic502750u
inorg. Chem. 2015, 54, 13001313
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for [1]**. Anal. Caled (%) for CyoH,4CuF NPy C, $9.53; H, 4.39;
N, 5.55; Found: C, $9.33; H, 444; N, 541. IR, em~! (KBr): v 3401
(br), 1631 (m), 1578 (vs), 1559 (vs), 1444 (vs), 1416 (s), 1313 (m),
1250 (m), 1040 (m), 1016 (m), 835 (vs), 779 (vs), 758 (vs), 737 (m).
cte-[Cu"(abpy),(bpy)lIPFel2 (ctc-2°*{PF5],). The bluish-white
[Cu"(bpy)Cl,] was prepared by 2 reported procedure."5 To a solution
of [Cu'(bpy)Cl,] (145 mg, 0.5 mmol) in MeOH (15 mL), solid
AgNO; (168 mg, 1 mmol) was added and stirred for 30 min, and the
reaction mixture was filtered. A white residue of AgCl was discarded.
To the blue filtrate, abpy (184 mg, 1 mmol) was added, and the
mixture was stirred for 30 min. The solution turned brown, which was
filtered. To the filtrate a solution of NaPF, (168 mg, 1 mmol) in
MeOH (5 mL) was added, and the solution was allowed to evaporate
slowly at 298 K. After 43 d, deep brown erystals of cte-2¥ [PF5 1,
separated out, which were filtered and dried in air. Yield: 310 mg
(~71% with respect to Cu). Mass spectral data [ES], positive ion,
CH,CN]J: m/z 293.07 for [2%]/2, $87.0 for [2}*". Anal. Caled (%) for
CiotoCuF NPy C, 6127 H, 411 N, 23.82; Found: C, 61.21; H,
390, N, 2372, IR, cm) (KBr): ¥ 3421 (br), 1685 (m), 1631 (m),
1600 (vs), 1577 (s), 1566 (s), 1472 (s), 1444 (vs), 1313 (m), 1158
(m), 1060 (m), 1026 (s), 830 (vs), 766 (vs), 730 (s).
- [Cu'tabpy),IIPFl (3*[PF;]). To mer-1**[PFg), (226 mg 0.25
mmol) or ctc-22*{PF¢l, (219 mg 025 mmol) in CH,Cl, (20 mL),
a solution of catechol (13.8 mg, 0.125 mmotl) in CH,Cl, (10 mL) was
added. The brown solution turned deep violet instantaneously. The
solution was evaporated under vacuum, and residue was washed twice
with diethyl ether to remove excess catechol, o-quinone, and
dissociated abpy (in case of mer-1>"[PE;],) or bpy (in case of cter
22[PF;),) ligands. The residue was dissolved in minimum volume of
CH,Cl, (~10 mL), which was allowed to evaporate in air at 298 K.
After 3—4 d, violet crystals of 3*[PF;}-2CH,Cl, separated, which were
collected and dried in air. Yield: 202 mg (~82% with respect to Cu).
Mass spectral data [ESI, positive ion, CH,CN]: m/z 431 for [3]".
Anal. Caled (%) for Cag HygCuFNyP: C, $5.61; H, 3.73; N, 25.94;
Found: C, $5.57; H, 3.62; N, 25.80. 111 NMR (CDCl;, 300 MHz, 298
K): 6 (ppm) = 883 (d, 2H), 8.28 (1, 2H), 8.13 (d, 2H), 7.84 (1, 2H),
7.65=7.52 (br, 4H), 7.05—=7.03 (br, 4H1). IR, em™ (KBr): v 3424 (br),
1646 (m), 1599 (m), 1580 (m), 1470 (s), 1431 (s), 1375 {m), 1271
(m), 835 (vs), 794 (s), 575 (s).

[Cu'abpy),** (3%} and [Culabpy),] (3). 3% and 3 complexes were
not isolated in this search. However, these complexes were generated
coulometrically for spectroelectrochemical measurements and EPR
spectral analyses.

Single-Crystal X-ray Structure - Determinations of the
Complexes. Dark single crystals of mer-17*[PEg Jp cte-2[PFgly
and 3*[PF;]-2CH,Cl, were picked up with nylon loops and were
mounted on a Bruker APEX-II CCD diffractometer (at 100 K)
equipped with a.Mo-target rotating-anode X-ray source and a graphite
monochromator (Mo Ka, 1 = 071073 A). Final cell constants were
obtained from least-squares fits cf all measured reflections. Intensity of
data was corrected for absorption using intensities of redundant
reflections. The structures were readily solved by direct methods and
subsev.zquent difference Fourier techniques. The crystallographic data of
mer-17"[PFg ]y cte-2*[PFg), and 3*[PF;]-2CH,Cl, are listed in
Table 1. The Siemens SHELXS-97%° software package was used for
solution, and SHELXL-97" was used for the refinement. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed at the calculated positions and refined as riding atoms with
isotropic displacement parameters.

Density Functional Theory Calculations. All calculations
reported in this article were done with the Gaussian 03W*? program
package supgorted by GaussView 4.1. The DET® and time-dependent
(TD) DFT calculations were performed at the level of Becke three
parameter hybrid functional with the nonlocal correlation functional of
Lee—Yang—Parr (BE':LYI").31 Gas-phase §eometries of mer-
[Cul(abpy)s]** (mer-1%*), fac-[Cu 1(abpy);]**, cte-
[Cu"(abpy)z(bpy)]z* (cte-2%"), cee-[Cu(abpy)2 (bpy)1**, [Cu-
(abpy),] 3 [Cull(abpy),]** (3%"), and {Zn(abpy),]* were optimized
with doublet spin state, while [Cu'(abpy),]* (3*) and [Culabpy)s]”
(3) ions were optimized with singlet spin state using Pulay’s Direct

Inversion? in the Iterative Subspace (DIIS), “tight” convergent self-
consistent field procedure:)'3 ignoring symmetry. In all calculations, a
LANL2DZ basis set along with the corresponding effective core
potential was used for copper metal.* Valence double-{ basis set, 6-
31G* for H was used. For C and N non-hydrogen atoms valence
double-¢ with diffuse and polarization functions, 6-31++G¥* as basis
set®® was employed for all calculations. The percentage contributions
of metal and ligands to the frontier orbitals were calculated using
GaussSum  program package.37 The 60 lowest singlet excitation
energies on each of the optimized geometries of 3*, 3%, and 3 in
CH,Cl, using CPCM model®® were calculated by TD DFT method.
The natures of transitions were calculated by adding the probability of
same type among o and f§ molecular orbitals. The magnetic coupling
constant (J) of [Cu“(abpy")(abpy")] state of 3 was calculated using
Yamaguchi approach.39 Energy of the high-spin quartet state of 3 was
calculated on the optimized geometry of the doublet state of 3.

W RESULTS

Syntheses and Characterizations. Tris(abpy) and bis-
(abpy) complexes of copper(Il) and copper(l) ions isolated
and investigated in this work are summarized in Scheme 1.

Scheme 1
Sred Sox
o +3abpy —— (Cullabpy)yl® (1> N [Cul(abpy),]” (%) + abpy
(S 172) £5,=0)

[Cu(bpy)Clpl + 2Ag" + 2 abpy ———3= 2 AgCi| + [Cu"(abpy)z(bpy)]z'(22*)
(S= VD

.

{Cuiabpy)s} (3) % [Cu'(abpy)al” (37) + bpY
(8- V2 =9
§yeq = catechol,
o-aminophenol, tef-e

p-phenylenediamine N
and diphenylamine fCulabpy)al (%)

(Sy=112)

Details of the syntheses of the complexes are outlined in the
Experimental Section; mer-12* was synthesized by a reaction of
cupric ion with excess abpy ligand, while cte-2** was
synthesized by a reaction of [Cu"(bpy)Cl,] with 2 equiv of
Ag" ion followed by abpy ligand. Because of the coordination of
two nonequivalent azo- and pyridine nitrogen atoms, the
geometrical isomerizations of the azopyridine complexes of
transition metal ions are common.*® The mer and fac, the two
geometrical isomers of 12 jon and ctc and ccc isomers of 2°*
jon, are shown in Chart 1 (ctc refers to cis—trans—cis positions
of pyridine—azo—-bipyridine pitrogen atoms; ccc refers to cis—
cis—cis positions of pyridine—-azo—bipyridine nitrogen atoms).
In this work, we were successful in isolating the mer isomer of
1>*. No fac isomer was detected.

Similar observations were reported in cases of the tris(2-
phenylazopyridine) complexes of ruthenium(IT) ion,** while
the fac isomers were isolated with rhenium(I) ion. de
However, both fac and mer isomers of tris(abe) complexes
of ruthenium(II) ion were successfully isolated.>! In case of 2*
jon, we succeeded to isolate only the ctc isomer. The stability of
mer and fac isomers of 1** and ctc and ccc isomers of 2** ion
were analyzed by DFT calculations (vide infra).

DO 10.1021/ic502750u
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Both mer-12* and ctc-2?* react with redox noninnocent
catechol, o-aminophenol, p-phenylenediamine, and diphenyl-
amine producing 3" jon. In this work, the cations were isolated
as mer-12*[PF; |, ctc-2*[PFg 1, and 3*[PF] complex salts,
while the neutral complex 3 and 3% jon were generated
coulometrically for spectroelectrochemical measurements and
EPR spectra; mer-1>*{PFg ], cte-24*[PF; ], and 3*[PF5] were
characterized by elemental analyses and spectral data.
Molecular geometries in crystals were confirmed by single-
crystal X-ray structure determinations ‘(vide infra) of mer-
12*[PF; ], cte-2[PFg ], and 3*[PFg]-2CH,Cl,.

The reductions of mer-1>* and cte-2** by organic substrates
were investigated by UV—vis spectra. UV—vis—NIR absorption
spectra of mer-1*'[PFgly cte-2*[PF;],, and 3*[PFg] were
recorded in CH,Cl, at 298 K. The spectra are shown in Figure
1, and the data are summarized in Table 2. Mer-1** and cte-2**

s 10'M'cm”

600 800 1000
A fam

Figure 1. Electronic spectra of mer-12*[PF; ], (black), cte-2*[PFg],
(red), and 3*[PF;] (green) in CH,Cl, solution at 298 K.

Table 2. Electronic Absorption Spectral Data of mer-
1*[PF; ], cte-2**[PF;],, and 3'[PFg] in CH,Cl, at 298 K

complexes Agw 0 (e, T X 100 M an™)
mer-1*[PE;), 744 (0.07)", 578 (0.10)™, 346 (322)
2 [PEs]L, 622 (0.04)", 464 (0.09)", 340 (2.27), 314 (3.18)
3*[PF;] 806 (0.20), 597 (0.40), 346 (2.90)
3 2744 (1.21), 2729 (1.20), 2599 (0.319), 1049 (0.103),
713 (0.28), 604.(0.39)
3™ 818 (0.14), 599 (0.72), 344 (3.61)

do not display any lower-energy absorption band, while 3" ion
absorbs significantly at 806 and 597 nm. The conversions of
mer-12* and ctc-2** to 3" in the presence of organic reducing
agents were monitored by these two absorption maxima.

To a solution of mer-1¥*[PFz ), in CH,Cl, (2.5 mL, 0.80 X
10~* M/lit) in'a quartz cell, a solution of catechol in CH,Cl,
(4.1 X 107* M) was added dropwise, and the change of the
absorption spectrum of the cations was récorded as shown in
Figure 2a. The catechol solution was added until a constant

Absorption
Absorption

-
2

200 600 so0 1000 40 60 800 1000
»{nm Ainm

Figure 2. Change of electronic spectra during the reactions of (a) mer-

1*[PE;], and (b) cte-2*[PF5] with catechol in CH,Cl, at 298 K.

absorption maximum was obtained. It was calculated that the
complex mer-1*[PF; ], and the -catechol required for the
titration were in a molar ratio of 2:1, affirming two-electron
oxidation of catechol to o-quinone. The similar reaction of cte-
22*[PF;), with catechol was authenticated by recording the
spectral change during the reaction as depicted in Figure 2b.
The redox reactions of mer-12*[PF5 ], and cte-2*[PF; ], with o-
aminophenol, p-phenylenediamine, and diphenylamine were
similarly followed by UV—vis absorption spectra, which are
illustrated in Figure S1 (Supporting Information). In every case,
the product is 3" ion.

Molecular Geometries. Single-crystal X-ray structure
determinations of mer-1*[PEz ]y, ctc-2%[PFs 1, and 3'[PFg)-
2CH,C), confirmed the molecular geometries of these three
types of complexes in crystals; mer-12*{PF; ], crystallizes in the
P2,/n space group. The molecular structure in the crystals and
the atom labeling scheme of mer-1>*[PFg], are illustrated in
Figure 3, and the selected bond parameters are listed in Table
3. The CuNj octahedron is severely distorted where two Cu~
N,,, bonds, namely, Cu—N(8) and Cu—N(28), are elongated.
The average Cu—N,, lengths are 2.022(3) A, while the trans
Cu—N(8) and Cu~N(28) bonds are 2.429(3) and 2.311(3) A,
respectively. The feature is defined by the static Jahn-Teller
distortion.”' The three —N==N-— lengths, N(7)-N(8),
N(27)-N(28), and N(47)—N(48), respectively, are 1.248(4),
1.255(4), and 1.251(4) A.

Complex cte-22*[PFg], crystallizes in the Pben space group.
The molecular structure in the crystal and the atom labeling
scheme are shown in Figure 4, and the selected bond
parameters are summarized in Table 4. The gross geometry
of cte-22" jon is similar to that of mer-1** jon, only one of the
abpy ligands of mer-1** ion is replaced by a bpy ligand in ctc-2**
jon. The CuNj octahedron exhibits an axial Jahn—Teller
distortion along trans Cu—N,,, bonds. The Cul'~N,,, distance
is 2.446(3) A, while the average Cu""—N,, lengths are 2012(4)
A. The average —N=N— lengths are 1.246(5) A.

DOt 10,1021/ic502750u
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Table 7. X-Band EPR Spectral Parameters of mer-12*[PFz ], 2**[PF;], 3%, and 3

comp conditions temip (K) Bisol &av 8 [ A A (G)
mer- 17 [PF;), CH,CL, frozen glass 123 2.153 2062 2.245 0.183 SH5Cy (4, = 16, A, = 159)
cte-22*[PFg 1, CH,C), frozen glass 123 2.138 2.043 2233 0.190 B85Cu (4, = 19, 4, = 153)
3 CH,C}, frozen glass 123 2.166 2.105 2228 0.123 B85Cy (4, = 42, A, = 146)
3 Solid 298 2.001
CH,Cl, solution 298 2.001 1N (A =14)
CH,CY, frozen glass 123 1.999 1.999 1.999 UN (4, = 8, A, = 16)
Scheme 2
/l/\'\/— 4/\/' (Subred (Sub)ex
+e, 'bpy
2 ————3
- e, +bpy
(a} (b}
Za 22 20 18 16 22 20 1.8
gvaluo g value structures of mer-1%*, ctc-2%, 3%, 3%%, 3, and 37. The gas-
phase geometries of mer and fac isomers of 1** ion, ctc, and ccc
isomers of 2% ion, 3% ion, 3, and [Zn(abpy),]* were optimized
with the doublet spin state, while the gas-phase geometries of
3* and 3~ ions were optimized with the singlet spin state.
Optimized geometries are shown in Supporting Information,
Figure $3. The calculated bond parameters of mer-1** and cte-
(© @ 22* jons are listed in Tables 3 and 4, and those of 3%, 3%, 3,3,
22 20 T8 oY) 20 5 and [Zn(abe)z]* are summarized in Table 5.
grvalue gvalue mer-[Cu'(abpy);** (mer-12*) and fac-[Cu"(abpy)sF** (fac-

Figure 8. X-band EPR spectra of (a) 3%, frozen CH,Cl, glass at 123
K; (b) 3, solid state at 298 K; (¢) 3, CH,Cl, at 298 K; (d) 3, frozen
CH,Cl, glass at 123 K (black, experimental; red, simulated).

= 2,105 and g = 2.228 correlates well to the existence of
copper(1l) ion in 3** ion, while the EPR spectra in solid (298
K), CH,Cl, solution (298 K), and CH,Cl, frozen glass (123 K)
established the existence of organic radical in 3. The spectra
with the simulations are depicted in Figure 8. The spectrum of
3 in solid is sharper (Figure 8b), and the simulated g value is
2.001. In solution and frozen glass, the spectra with g = 2.001
and 1.999 are relatively broader, as illustrated in Figure 8¢,d,
due to the coupling of the azo nitrogen atoms. The coupling
constants {A) are listed in Table 7. The frozen glass EPR
spectrum was simulated with g, = g, = 1.999; Ay = 8, Ay =
16 G. It unambiguously inferred that 3 incorporates an abpy™”
anion radical coordinated to copper(I) ion. However, as 3
displays only one abpy/abpy”~ reduction wave at cathode, both
the abpy ligands are equally reduced, and on the basis of these
data, 3 is defined as a copper(I) complex of type
[Cul(abpy®$*~)(abpy®** )] (vide infra).¥

This EPR spectrum of CH,Cl, frozen glass of 3™ is
significantly different from those of mer-1** and ctc-2?* ions,
The spectral parameters corroborate well with those reported
in cases of distorted square planar complexes of copper(Il)
jon®> The 3% ion reacts with excess bpy ligand. The EPR
spectrum of 3** jon in the presence of excess bpy was recorded.
The spectrum is similar to that of ctc-2** (Figure 7b) ion
authenticating the conversion of 3% ion to 2** ion. It predicts
the reversibility of the transformation of 1** and 2** ions to 3°
jon and vice versa as given in Scheme 2.

Density Functional Theory Calculations, In conjunction
with the X-ray bond parameters and the spectral data, the DFT
calculations were performed to elucidate the electronic

1306

12*) Isomers. The DFT calculations on mer- and fac-1%
isomers disclose the trend of the relative ground state energies
of the mer and fac isomers of the.tris(azopyridine) complexes
of the transition metal ions. The calculations authenticated that
the ground state of the mer-1** ion, which was isolated
experimentally, is more stable than that of the fac isomer by 23
kJ/mol. The calculated bond parameters of mer-1%* jon
compare well to those obtained from the single-crystal X-ray
structure determination of mer-1>*[PF;],. The calculated
average —N=N- lengths are 1.256 A, which implies the
coordination of neutral abpy ligand to the copper(Il) ion.
Mulliken spin density is expectedly localized on the copper ion
as shown in Figure %a. :
cte-[Cu'l{abpy),(bpy)]** (ctc-2%*) and ccc-
[Cu"(abpy)(bpy)]** (ccc-2**) Isomers. Both ctc and ccc
isomers of the bis(azopyridine) complexes of type M-
(azopyridine),X,) were reported in many cases. In this work,
to analyze the stabilities of these two isomers, gas-phase
geometries of ctc-22* and ccc-2** isomers were optimized. The
calculations infer that in gas phase the ctc-2** is stabilized by
9.6 kJ/mol more than the ccc-2*" ion. Experimentally, we were
successful in isolating ctc-2?* isomer only. The calculated bond
parameters of ctc-2** ion are similar to those obtained from the
single-crystal X-ray structure determination of cte-2** [PFg 1.
The average —N==N— lengths are 1.256 A. The Mulliken spin
density of ctc-2** ion is localized on the copper ion as observed
in case of mer-1>* ion and is shown in Figure 9b.
[Cu'(abpy),]* (3*). The 3* ion exhibits a distorted tetrahedral
geometry. The dihedral angle between two abpy ligands is 81°
as shown in Chart 2a. In crystals it is 80° determined by single-
crystal X-ray structure determination of 3*[PFg}-2CH,Cl,. The
closed cell singlet (CSS) solution of 3* ion is stable confirming
the coordination of neutral abpy ligand to the copper(I) ion.
The calculated bond parameters are listed in Table S. The
calculated lengths correlate well to those obtained from the X-

DOk 10,1021/ic5027500
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Figure 9. Spin density plots (yellow, a spin; red, f spin) and values from Mulliken spin population analyses [atomic spin densities] of (a) mer-1*

[Cu(1) 0.57, N(8) 0.08, N(21) 0.10, N(41) 0.11]. (b) cte-2** [Cu(1) 0.55, N(1) 0.10, N(21) 0.11, N(21A) 0.12, N(14) 0.11]. (¢) 3* [Cu(1) 050,
N(1) 0.08, N(9) 0.13, N(21) 0.08, N(28) 0.13). (d) 3 [Cu(1) ~0.22, C(2) =0.02, C(6) ~0.02, C(9) ~0.08, C(29) —0.08, C(33) —0.03, N(1) 0.06,
N(7) 0.22, N(8) 0.15, N(14) 0.05, C(3) 0.09, C(5) 0.06, C(10) 0.10, C(12) 0.08, N(21) 0.06, €(23) 0.09, C(25) 0.06, N(27) 0.22, C(32) 0.08].
(e) [Zn(abpy),)* [N(1) 0.06, N(7) 0.18, N(8) 0.14, C(10) 0.06, C(12) 0.06, N(21) 0.06, C(23) 0.07, N(27) 0.18, N(28) 0.14].

Chart 2. Calculated Dihedral Angle (@) between the Planes of Two abpy Ligands in 3, 3%, 3, and 37
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Figure 10. Spectroelectrochemistry of (a) [3* — 3] and (b} [3* = 3] in CH,CI, at 298 K. (inset) NIR absorption bands.

ray structure of 3*[PFg]-2CH,Cl,. The relatively longer ~N== two ligands are same (Table 5). Moreover, 2 significant amount
N-— lengths, 1.262 A, compared to those in 1*{PF;]; and of spin density was detected on the copper ion of 3. The
22*[PFz ], are due to the mixing of dg, and 7,,,* orbitals in 3% geometry of [Zn(abpy),]* was optimized with the doublet spin

[Cu'(abpy),** (3%*). In contrast to the distorted tetrahedral state with similar basis sets for comparison. In [Zn(abpy),]*
geometry of the 3" ion, the 3%* ion holds a distorted square ion, no spin density was detected on the redox innocent
planar geometry in which the dihedral angle between two zinc(1I) ion as illustrated in Figure 9e. The calculated ~N==

coordinated abpy ligands is 34° only (Chart 2b). The calculated N— lengths, 1.288 A, are relatively shorter than those in 3 as
N(7)-N(8) and N(27)—N(28) lengths, 1.255 A, are similar to summarized in Table 5. The relatively longer -N=N~ lengths

those of the mer-1>* and cte-2** jons. In conjunction with the and spin density on copper ion indicate the oxidation of
EPR spectral data (Table 7), Mulliken spin density plot as copper(1) to copper(Il) ion synergistically reducing the azo
shown in Figure 9c suggests that 3% jon is a copper(Il} functions of 3. The ground electronic state of 3 thus has been
complex of type [Cu'(abpy),}**. defined by a hybrid state of [Cul(abpy®**~)(abpy®** )] ©
[Cu(abpy?>*~)abpy®>*)] + [Cu'(abpy*~)abpy™ )l (3). [Cu"(abpy*~)(abpy*~)] electronic states.
The calculated geometry of 3 is a distorted tetrahedron in [Cu'(abpy*~)abpy*~)] (37). The origin of the irreversible
which the dihedral angle between two coordinated abpy ligands cathodic peak of 3* ion at —0.74 V as depicted in Figure 12 (see
is 67° (Chart 2c). The azo bond lengths and the spin-density Discussion section) was investigated by optimizing the gas-
distributions of the optimized geometry of 3 is different from phase geometry of 3™ ion with singlet spin state. The calculated
those of the 3* and 3?* ions. The relatively longer N(7)-N(8) average —~N==N— bond lengths are 1.337 A correlating the
and N(27)-N(28) lengths, 1.305 A, and the Mulliken spin- —N=N- lengths of the azo anion radical coordinated to the

density distribution as depicted in Figure 9d of 3 predict the copper(I) jon.'*c The 3~ ion thus is defined by the
formation of abpy’~ anion radical (significant calculated [Cul(abpy”~)(abpy*~)] electronic state. As both abpy ligands
coupling constants (A): N7, 4.0; N8, 2.1; B3, 3.7; BCl, are reduced by one electron in 37 ion, the oxidation of
4.0; N27, 4.0; N28, 2.1; '*C23, 3.9; and 13C32, 3.9 G following copper(l) to copper(Il) ion as observed in case of 3 is not
the numbering scheme of 3" ion as given in Figure S) noted here. The dihedral angle between two abpy ligands is 76°
coordinated to copper(l) in 3. The two ~N=N-— lengths in (Chart 2d) that is similar to that of the copper(I) complex, 3%,
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but less than that of 3 incorporating a hybrid state of copper(I)
and copper(II) ions.

Spectroelectrochemical Measurements and Time-
Dependent DFT Calculations. The UV~vis—NIR absorp-
tion spectra of 3 and 3** ion in CH,Cl, were recorded by the
spectroelectrochemical measurements at 298 K, and absorption
data are summarized in Table 2. The spectral features during
the 3* — 3 and 3* > 3** conversions are illustrated in Figure
10a,b. The 3* — 3 conversion proceeds with several isosbestic
points in the region of 400—1400 nm and exhibiting a NIR
absorption band at 2400—-3000 nm as illustrated in the inset of
Figure 10a. During the conversion of 3* — 3%, the absorption
bands of 3* ion at 806 and 597 nm gradually diminish as-
depicted in Figure 10b.

The origins of the lower-energy absorption bands of the
complexes were elucidated by TD DFT calculations on 3%, 3,
and 3* ion in CH,Cl, using CPCM model. The excitation
energies with the oscillator strengths and the transition types
are summarized in Supporting Information, Table §1. Analyses
of the singlet transitions of 3* jon asserted that the lower-
energy absorption bands at 806 and 597 nm are due to
copper(I) to abpy ligand charge transfer, that is, metal-to-ligand
charge transfer (MLCT). in nature, The calculated excitation
energies of the MLCT transitions of 3" are 720.56 and 586.8
nm. The 4., of 3" at 346 nm (calculated value 369.59 nm) is
due to the # — 7* transition, which is present in mer-1** and
ctc-2* ions, respectively, at 346 and 340 nm. In 3** ion, as
copper(1) ion is oxidized to copper(II) ion, the intensity of the
MLCT transitions at 806 and 597 nm decreases. However, the
absorption feature of 3 (Figure 10a) is different from mer-1*,
ctc-2*, 3, and 3** ions. It displays an NIR band. The NIR
absorption band of 3 at 2400—3000 is due to the singly
occupied 7* {a highest occupied molecular orbital (HOMO))
— 7* (a lowest unoccupied molecular orbital (LUMO))
transition, which is defined as an intervalence ligand-to-ligand
charge transfer (IVLLCT). The MLCT bands of 3* jons at 800
nm shifts to 1049 nm in 3, the origin of which was elucidated as
a metal-to-mixed-metal~ligand charge transfer (MMMLCT,
calculated values 1205.46 and 851.43 nm).

Reactivities of [Cu(bpy);1** and [Cu(phen);]** toward
Catechol, o-Aminophenol, p-Phenylenediamine, and
Diphenylamine, To investigate the reactions of mer-1** and
2* jons toward catechol, o-aminophenol, and p-phenylenedi-
amine as reduction-induced ligand dissociation or ligand
dissociation-induced reduction reactions, we performed the
similar reactions of these organic substrates with [Cu(bpy);]**
and [Cu(phen);]**. Note that [Cu(bpy);]** and [Cu-
(phen);}** are stable in solution with higher overall stability
constants (log(f;) = 17.85 for [Cu(bpy);]*ion)."* The
reactions were - investigated by UV-—vis—NIR absorption
spectra, The spectral feature during the reaction of [Cu-
(bpy);]** with catechol in CH,Cl, is illustrated in Figure 11.
The absorption spectral features during the reaction of o-
aminophenol and p-phenylenediamine with [Cu(bpy);]** and
those with [Cu(phen);]** are depicted in Supporting
Information, Figure 54.

It is confirmed that in the presence of reducing substrates
these tris complexes undergo reduction and ligand dissociation
affording [Cu(bpy),]* and [Cu(phen),]* complexes,*** which
summarizes that these redox reactions of these complexes of
copper(ll) jon are reduction-induced ligand dissociation
reaction. The formation: of [Cu(bpy),]* was followed by the
absorption maxima at 434 and 520 nm, and the formation of
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Figure 11. Change of electronic spectra during the reaction of
[Cu(bpy);]** with catechol in CH,Cl, at 298 K.

[Cu(phen),]* was followed by the absorption maxima at 442
and 528 nm. The isotopic EPR signal in CH,Cl, due to
octahedral copper(Il) ion also gradually diminishes during the
reactions of mer-1**, ctc-2**, and [Cu(bpy);]** ions with
catechol as shown in Supporting Information, Figures S5 and
§6, authenticating the formation of copper(l) complexes of
abpy, bpy, and phen and the diamagnetic quinone derivatives as
depicted in Scheme 3. Formation of the intermediate
benzosemiquinone derivative of the organic substrate was not
successfully detected.

Scheme 3

(Sub)yeq (Sub),x

[Cu'@y [CulL)]*

L = bpy, phen

W DISCUSSION OF ELECTRONIC STRUCTURES

Octahedral mer-1>*and ctc:2** complex ions are oxidizing
agents. They react with redox noninnocent organic substrates
affording tetrahedral bis(abpy) complex of copper(I) ion, 3*, as
depicted in Scheme 1. Origins of the redox activities were
elucidated by the cyclic voltammetry and DFT calculations. It is
observed that in mer-1>* ion, the f-LUMO is a d;* orbital of
copper(II) ion, while the LUMO+1 (a and f§) are x,,,* orbital
of one of the abpy ligands. The @ and f# LUMO+2 and LUMO
+3 orbitals are delocalized over the z,,,* orbitals of the other
two equivalent abpy ligands (Supporting Information, Figure
§7). Thus, the cathodic wave (E3/,, Table 6) of mer-1** ion at
—042 V is because of the Cu'/Cu' reduction couple. As the
copper(I) ion holds a different geometry than that of
copper(Il) ion, the redox couple is quasi-reversible. Similar
redox waves of [Cu(bpy);}** and [Cu(phen);]** ions due to
Cu"/Cu' reduction couples at +0.04 and +0.03 V versus
saturated calomel electrode (SCE) were reported recently,'®
However, the current height of the redox wave at ~0.42 V of
mer-17* is relatively higher compared to those of the reversible
redox waves at —0.90 (E3,, Table 6) and ~1.28 V (E},,, Table
6) because of abpy/abpy"~ couples. The cathodic wave of mer-
1** jon at ~0.42 V was assigned to overlapping Cu"/Cu' and
abpy/abpy*~ (corresponding to localized LUMO+1 orbital)
reduction couples. The three redox waves of mer-1* ion at
~0.42, ~0.90, and —1.28 V because of abpy/abpy®~ reduction
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couples correlate well to those of the mer (—0.49, —0.84, and
~1.33 V) and fac (=041, =0.77, and —1.32 V) isomers of
[Ru(abpy)s]** measured in dimethylformamide.*’ The reduced
species of mer-1** ion are not stable in solution and
disproportionate to metallic copper, which-is detected by the
high current at —0.48 V as illustrated in Figure 6a. Expectedly,
one of the cathodic waves due to abpy/abpy®~ couple is missing
in cte-2** jon. The cathodic wave of ctc-2** jon at —~0.44 V
(B35, Table 6) is assigned to Cu®*/Cu’* couple, while the redox
waves at —0.86 (E},, Table 6) and —1.10 V (Ej,,, Table 6) are
assigned to abpy/abpy® ™ reduction couples. In the experimental
scan period, reduced species of cte-2%* jon similar to those of
mer-1** ion, deposit metallic copper, which was detected by the
higher current at —0.59 V as shown in Figure 6b.

In 3* ion, two abpy ligands are equivalent, and the planes of
two abpy ligands are approximately orthogonal to each other.
The dihedral angle between these two planes is 80 + 1° found
in both X-ray and optimized geometries as shown in Chart 2.
On the contrary, 3** ion holds a distorted square planar
geometry. The calculated dibedral angle between two abpy
planes is only 34°. Similar distortion of the geometrical features
during the conversion of [Cu(bpy),]" to [Cu(bpy),)** was
documented in literature.*® It was reported that the dihedral
angle between the two bpy planes is 84° in [Cu'(bpy),}-
CF,S0;, while the same is only 38° in [Cu"(bpy),](BF,),. The
calculated corresponding dihedral angle (gas-phase geometry
optimization) in 3 is 67°. These geometrical features of 3", 3%,
and 3 affect significantly the reversibility of the 3**/3* and 3*/3
reduction couples (Table 6). Molecular orbital analyses
authenticated that the HOMO of 3* ion is one of the t,
orbitals, while LUMO and LUMO+1 are delocalized over the
o™ orbitals of the two equivalent abpy ligands as depicted in
Supporting Information, Figure $8. Thus, the anodic wave of 3"
jon at 0.33 V is assigned to a Cu**/Cu* reduction couple, while
the cathodic wave at —0.40 V is due to a abpy/abpy®~ reduction
couple. The similar Cu?*/Cu* reduction potentials were
reported in cases of copper(I) complexes incorporating two
redox noninnocent ligands: [Cu'L,}**/{Cu'L,]*, where L = 2-
(phenylazo)pyridine,™ 0.63 V versus SCE; L = 2,9-diphenyl-
1,10-phenanthroline (dpp),®® 032 V vs Fc'/Fg; L = 2,9
dimethyl-,10-phenanthroline (dmp),”* 0.30 V versus Fc*/Fq;
L = 2-(arylazo)pyrimidines (aapm ,¥ 0.63—0.76 V versus SCE;
L = N-aryl-pyridine-2-aldimines,  0.34—0.35 V. The aniso-
tropic EPR spectrum of the CH,Cl, frozen glass of 3* ion
(Figure 8a) corroborates with the transformation of copper(l)
to copper(ll) ion in 3** ion. The simulated g parameters (g, =
2105, g, = 2.228) correlate well to those (g, = 2.067, g, =
2.283) reported in case of [Cu"(dpp),]>*.**® The Mulliken spin
density of the doublet 3** ion is localized on the copper ion
(Figure 9b), and the 3** ion is defined as a copper(Il) complex
of abpy ligands of type [Cu(abpy),]**.

On the basis of the constituents of the LUMO and LUMO+1
orbitals, the reversible cathodic wave of 3* jon at —0.40 V is
assigned to a abpy/abpy®™ reduction couple. Solid (g = 2.001),
fluid solution (g = 2.001, Ay = 14 G), and frozen glass (g; = g,
= 1.999, Ayn) = 8 and Ay = 16 G) EPR spectra and the DFT
calculation (vide supra) support the proposition of the
coordination of abpy®~ anion radical to the copper(l) ion in
3. Note that the potentials of the cathodic waves of [Cul(L),)
types of complexes depend significantly on the #-acidity of L,
which implies that these redox waves are generally because of
the L/L*™ reduction couple. The claim of the formations of
bis[2,9-di(o-substituted phenyl)-1,10-phenanthroline]copper(0)
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complexes upon reduction of bis{2,9-di(o-substituted phenyl)-
1,10-phenanthroline]copper(1) had never been justified by the
EPR spectra.®’ Kaim et al. after rigorous electrochemical studies
substantiated that the reduction occurs at the phenanthroline
ligand fragments. The dpp/dpp®~ and dmp/dmp*~ reduction
couples in {Cu'(dpp),]* and [Cu'(dmp),]" were observed at
202 and ~2.13 V versus Fc'/Fc®’ In the cases of
azopyrimidine derivatives, the aapm/aapm®™ reduction couples
in [Cul(aapm),]* complexes were recorded at ~0.63 to —0.76
V versus SCE.*” As the abpy is a stronger 7 acidic N,N-donor
ligand, the abpy/abpy®™ reduction potential in 3 shifts to —0.40
V (Table 6), and it is the lowest reduction potential reported so
far for the [CuL,]* types of complexes. However, the reduced
species are not stable in solution. Scanning at higher potentials
even within the experimental time scale, the reduced complexes
disproportionate depositing metallic copper that is detected by
the higher current at —0.32 V as given in Figure 12. However,
the reduction of abpy to abpy”~ radical in 3 was authenticated
by the EPR spectra and the DFT calculations.

0.74V
+0.24V 047V

Deposited Cu
032V
12 06 00 06 -2
Potential (V)

Figure 12. Cyclic voltammogram (+1.0 to —1.0 V' vs Fc*/Fc) of
3*[PF;] in CH,Cl, and CH,CN ($:1) mixture at 298 K. Conditions:
0.2 M [N(n-Bu),]PE, supporting electrolyte; scan fate, 100 mV s7';
platinum working electrode. .

The hyperfine spectra due to coupling of azo "*N nuclei were
detected in cases of fluid solution and frozen glass EPR spectra
of 3 as shown in Figure 8¢,d. The simulated coupling constant
values of the frozen glass are A,y = 8 and Ay = 16 G (Table
7). Calculated significant coupling constant values due to azo N
and other atoms are listed in DFT Calculation Section of 3.
The Mulliken spin density is delocalized over abpy ligands. As
the LUMO is equally distributed over the two 7,,,* orbitals, the
fractional negative charges scatter equally over the two
equivalent abpy ligands as observed in the spin-density plot
as illustrated in Figure 9d. Two calculated azo lengths are same
informing that the extent of reduction of the two ligands is
same. The feature is similar to that of [NF(RL™**7),]% a.
Robin—Day class III species, where the radical spin is equally
delocalized over two equivalent deprotonated f-diketiminate
ligands (*L7) and coupled to § = 1 state of Ni(Il) ion
furnishing an S, = 1/2 state, reported recently.* Thus, the
electronic state of 3 is defined by the state (C) rather than
states (A) and (B) of Scheme 4.

;cheme 4
[(abpy)Cu®(abpy)] <e— [(abpy ~)Cul(abpy)] <—»
(A) (B)

[(abpy *5™)Cul(abpy®> "~ )] «e—s [(abpy ™ )Cu'(abpy™)]
© (D)
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In case of 3, the localization of significant opposite spin (8
spin) on copper ion to that of abpy ligand, as depicted in Figure
9d, compelled us to investigate further to elucidate the ground
electronic state of 3 correctly. The spin density on copper ion
in 3 is defined as a reduction-induced oxidation of Cu(l) to
Cu(ll) ion affording the electronic state, [Cu"(abpy®=)-
(abpy*~)], (D) of Scheme 3. The driving force of this
reduction-induced oxidation of copper(I) to copper(Il) ion in 3
is the higher exchange energy due to coupling of the unpaired
electrons of the copper ion and abpy®™ anion radical. The
coupling constant (J) was calculated using Yamaguchi
approach.® The J; is —2170 cm™, and the coupling scheme
is LTCu{L?, which is achieved by an electron transfer from
copper(I} to an abpy ligand, as depicted in Chart 3. The
amount of f# spin localized on copper ion and the coordination
sites is ca. —0.50, which predicts a reasonable contribution of
state D to the electronic state of 3.

Chart 3
i

v - 4 i
(abpy)—— Cu(f)——(abpy) =—m(abpy) CU(“)——(ttb;?})

The coupling scheme is different from that of a transition
metal complex with two planar 7 radical ligands.>? However,
the similar coupling scheme of copper(Il) ion incorporating
two nonplanar iminobenzosemiquinone radicals was reported
recently, by Kaim et al.*® The analogy of higher coupling energy
~induced oxidation of copper(I) to copper(ll) ion was
" substantiated by optimizing the {Zn(abpy),]* cation (with
‘doublet spin state), which is isoelectronic to 3. The calculated
bond parameters are listed in Table 5, and the Mulliken spin-
density plot is shown in Figure 9e. Similar to 3, two abpy
ligands are equally reduced, implying the existence of the
electronic state (G) of Scheme 5 in [Zn(abpy),]* ion.

Scheme §
[(abpy)Zn'(abpy)]"=t— [(abpy ~)Zn"(abpy)]* —e—m-
(E) F)
[(abpy *¥")Zn""(abpy®>~ )]* <«—»~ [(abpy™)Zn"(abpy~ )]*
G (H)

Expectedly, no spin density is localized on the zinc ion
forbidding the electronic state (H) to contribute to the ground
electronic state of [Zn(abpy),]* ion. It correlates well to the
relatively shorter —N=N- lengths in [Zn(abpy),]* ion
compared to those of 3. The extent of reduction of azo
functions of 3 is relatively higher due to easy oxidation of
copper(l) to copper(Il} ion in 3.

Thus, the ground electronic state of [Zn(abpy),]* ion is
defined by the electronic state [Zn"(abpy®**~)(abpy®**~)] (G)
of Scheme 5, while that of 3 is defined by a hybrid state of the
electronic states, [Cu'(abpy®**~)(abpy®**~)] « [Cu''(abpy*~)-
(abpy*™)], (C) and (D) of Scheme 4. The existence of two
reduced ligands is further correlated by the IVLLCT absorption
band of 3 at 2400—~3000 nm as depicted in Figure 10. The
contribution of copper(II) jon to the ground electronic state of
3 is also supported by the dihedral angle (@) between two abpy
ligands as given in Chart 2. The least @ is 34° for 3** ion, which
is a copper(Il) complex of type [Cu"(abpy),]*, while it is 81°
for 3* ion, which is a copper(I) complex of type [Cu'(abpy),]*.

In 3, the @ is 67° being an intermediate value of those of 32"
and 3" ions. Surprisingly the calculated ¢ (76°) is relatively
higher in [Cu'(abpy*~)(abpy*~)]~ (37) ion where both the
abpy ligands are reduced by one electron forbidding the
deformation of geometry due to conversion of copper(l) to
copper(Il) ion as observed in case of 3.

B CONCLUSION

2,2"-Azobispyridine (abpy) is a bidentate N,N-donor redox
noninnocent ligand that developed a rich azo anion radical
chemistry with transition metal ions. However, tris(abpy)
complexes are rare, and the only isolated complex of this type
was [Rul(abpy);)**, which is not characterized crystallo-
graphically yet. In this article, we report on mer-
[Cu"(abpy);}**(mer-1**) and cte-[Cu(abpy),(bpy)]>*  (cte-
2**) complexes. The single-crystal X-ray bond parameters of
mer-1*[PF;] and ctc-22*[PF;] are significant to analyze the
direction of Jahn—Teller distortion. It is disclosed that mer-1>*
and ctc-2*" jons and the similar analogues of bpy and phen of
types [Cu''(bpy);]?* and [Cu"(phen);]** ions react with redox
noninnocent organic substrates like catechol, o-aminophenol,
diphenylamine (Ph~NH—Ph), and p-phenylenediamine afford-
ing [Cu'(abpy),]*, [Cu'(bpy),]*, and [Cu'(phen),]* ions and
corresponding two-electron oxidized quinone products. These
conversions are defined as reduction-induced ligand dissocia-
tion reactions. These redox reactions compare well to those
reactions catalyzed by catecholoxidase*? and aminophenolox-
idase.” It has been established that 3** ion converts to 2°* jon
in the presence of excess bpy, which suggests that the
reduction-induced ligand dissociation reactions of mer-1**and
ctc-2** ions and vice versa as shown in Scheme 2 are reversible
in nature.

The 3* ion, which is a neutral abpy (average experimental
—N=N- lengths, 1.275(2) A) complex of copper(I) ion, is
redox-active, and both anodic and cathodic waves at +0.33 and
—040 V because of Cu®*/Cu* and abpy/abpy® reduction
couples are reversible. The ground electronic structures of
electrogenerated 3** and 3 were substantiated by spectroelec-
trochemical measurements, EPR spectra, DFT, and TD DFT
calculations. The simulated g values (2.000 + 0.001) of the
solid, fluid solution, and frozen glass EPR spectra authenticated
that 3* — 3 conversion is due to the formation of delocalized
abpy®” anion radicals (average calculated —N=N- lengths,
1305 A) coordinated to copper(l) ion. However, localization
of significant Mulliken spin densities on the metal ion suggests
the oxidation of copper(I) ion to copper(Il) ion that promotes
higher coupling exchange energy (J; = —2170 cm™) following
a coupling scheme of type LtCulLf. Thus, the ground
electronic state of 3 is defined as a hybrid state of
[Cu'(abpy®*"~)(abpy®**~)] and [Cu'(abpy"~)(abpy®~)] states.
3 being a Robin—Day class III species, exhibits NIR absorption
band at 2400—3000 nm due to the IVLLCT. Frozen glass EPR
spectral parameters (g;, 2.105 and g, 2.228) and the Mulliken
spin density distribution authenticated that 3** is a copper(II)
complex of neutral abpy ligand (average calculated —N=N-—
lengths, 1.255 A) of type [Cu"(abpy),]*.
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amine; cyclic voltammograms of mer-17*[PFg ], in CH,Cl,/
CH,CN (5:1) solvents in multiple scan rates; gas-phase
optimized geometries of mer-1%*, cte-2%*, 3%, 3, and 3%
excitation energies, oscillator strengths, transition types, and
dominant contributions to UV—vis—NIR absorption spectra of
3*, 3, and 3** obtained from TD DFT calculations; change of
electronic spectra of [Cu(bpy)3]** and [Cu(phen);]** during
the reactions with catechol, p-phenylenediamine, and o-
aminophenol; change of EPR spectra during the trans-
formations of (a) 13* = 3* and (b) 2** — 3" in the presence
of catechol in CH,Cl, at 273 K; change of EPR spectra during
the transformation of [Cu(bpy);]** — [Cu(bpy),]* in the
presence of catechol in CH,Cl, at 273 K; frontier orbitals of
1%, 3*, 3%, and 3; optimized coordinates of mer-13*, cte-2™, 3%,
3%, 3, 37, and [Zn(abpy),]*. This material is available free of
charge via the Internet at http://pubs.acs.org.
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