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Department of Molecular Chemistry, Division of Applied Chemistry, Graduate School of Engineering, Osaka University, 2-1 
Yamada-oka, Suita, Osaka 565-0871, Japan 
*Email: shinobu@chem.eng.osaka-u.ac.jp 

ABSTRACT: Structures, physicochemical properties, and reactivity of the whole series of copper(II)-halide complexes (1X; X = F, Cl, Br, and 
I) were examined using TMG3tach tridentate supporting ligand consisting of cis,cis-1,3,5-triaminocyclohexane (tach) and N,N,N’,N’-tetra-
methylguanidine (TMG). The tach ligand framework with the bulky and strongly electron donating TMG substituents enforces the copper(II) 
complexes to take a tetrahedral geometry as inferred from the electron paramagnetic resonance (EPR) spectra exhibiting relatively large gz and 
small Az values. The electronic absorption spectra of 1X agreed with the simulation spectra obtained by time-dependent density functional 
theory (TD-DFT) calculations on a slightly distorted tetrahedral geometry. 1I and 1Br gradually decomposed to generate the corresponding 
copper(I) complex and halide radical X•, and in the case of 1Br, intramolecular hydroxylation of a methyl group of the TMG substituent took 
place under aerobic conditions, that may be caused by the reaction of generated copper(I) complex and dioxygen (O2) generating a reactive 
oxygen species. 1X except 1I showed hydrogen atom abstraction (HAA) reactivity towards cyclohexadiene (CHD), where 1F exhibited the 
highest reactivity with a second-order rate constant as 1.4 × 10−3 M–1 s–1 at 25°C. Such a HAA reactivity can be attributed to the higher basicity 
of F– and/or large bond dissociation free energy of conjugate acid H–F as well as unstable copper(II) electronic state in the tetrahedral geometry. 

1. INTRODUCTION   
Copper(II) complexes favor to take square planar, square 

pyramidal, or trigonal bipyramidal structure.  However, some 
copper monooxygenases such as peptidylglycine α-hydroxylating 
monooxygenase (PHM) and dopamine β-monooxygenase (DβM) 
have a mononuclear tetrahedrally distorted copper reaction center 
having a labile coordination site for dioxygen binding and 
activation.1,2  Thus, it is highly desired to explore the redox reactivity 
of copper(II) complexes having such an unusual structural feature.  
In this context, cis,cis-1,3,5-triaminocyclohexane (tach) provides an 
ideal ligand framework that can enforce the metal ion to take a 
tetrahedral (Td) geometry with an axial coordination site for the 
binding of an external substrate.3-11 However, the strong tendency of 
copper(II) ion to take the tetragonal basal structures hampers the 
synthesis of copper(II) complexes taking Td geometry. Namely, a 
counter anion and/or solvent molecule easily coordinate to the 
metal center to break the Td geometry. Moreover, tetrahedral 
distortion destabilizes copper(II) complexes through enhancement 
of electron acceptability. For instance, bis(2,9-dimethyl-1,10-
phenanthroline)copper(II) complex taking a Td geometry is 
reduced to the corresponding copper(I) complex even by residual 
water in solvents.12  

To overcome such difficullties, we employed a bulky and 
strongly electron donating substituent TMG (N,N,N’,N’-tetra-
methylguanidine) to develop a new tridentate ligand, TMG3tach 
((2,2′,2′′-((1s,3s,5s)-cyclohexane-1,3,5-triyl)tris(1,1,3,3-tetra-
methyl-guanidine)).13 The TMG substituent has recently been 
employed in model studies of metallo-oxygenase.14-21  By using this 
ligand, we have succeeded to prepare copper(II) complexes taking a 

tetrahedral geometry with a labile axial coordination site (Scheme 
1).13,22 For instance, copper(II)-bromide complex 1Br can be 
converted to a methoxide complex 1OMe by the reaction of 1Br with 
nBu4NOH (tetra-n-butylammonium hydroxide) in methanol.13  
Moreover, the reaction of 1OMe with C6F5OH, C6F5SH (C6F5 = 
pentafuluorophenyl; Ar), and an alkylhydroperoxide (ROOH) gave 
the corresponding phenolate (1OAr), thiophenolate (1SAr), and 
alkylperoxide copper(II) (1OOR) complexes, respectively (Scheme 
1).13,22 These results clearly demonstrated that the axial coordination 
site in 1X is labile to undergo ligand exchange reaction with external 
substrates.    

Scheme 1.  Preparation of Tetrahedral Copper(II) Complexes 
through Axial Ligand Exchange Reactions.  
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Meanwhile, halide complexes of high-valent group 10 metals 
such as NiIII and PdIV have been demonstrated to induce aliphatic C–
H bond activation, where homolytic metal–halide bond (M–X) 
cleavage is proposed to occur to generate halogen radical (X•) as the 
hydrogen atom accepter from aliphatic substrates.23-31  Regarding to 
group 11 metals, however, a little is known about such reactivity of 
M–X complexes.32,33  Stieber, Zhang, and coworkers recently 
reported the aliphatic C–H fluorination using a CuIII–F complex,34 
and McDonald and coworkers reported C–H and O–H bond 
activation reactivity of a AuIII–Cl complex.35  In this study, we 
prepared CuII–F and CuII–I complexes supported by TMG3tach (1F 
and 1I), and compared their physicochemical properties and C–H 
bond activation reactivity with those of 1Cl and 1Br (Scheme 2).  As 
mentioned above, high-valent metal ions (NiIII, PdIV, CuIII, and AuIII) 
were used to induce the M–X bond cleavage, but we expect that the 
tetrahedral CuII complex can also induce such M–X bond cleavage 
even though CuII is not a high-valent metal ion, since the tetrahedral 
geometry is more suited for the lower CuI oxidation state.  

Scheme 2.  C–H Bond Activation by 1X 

 

2. RESULTS AND DISCUSSION 
2.1. Preparation of CuII-fluoride (1F) and CuII-iodide (1I) 

Complexes. We have already reported the synthesis and 
characterization of CuII-chloride (1Cl) and CuII-bromide (1Br) 
complexes, which can be readily obtained by treating the ligand 
(TMG3tach) and CuCl2 and CuBr2, respectively.13  However, CuF2 
is insoluble in ordinary organic solvents and CuI2 is not easily 
available.  Thus, we tried to prepare 1F and 1I by ligand exchange 
reaction of the axial bromide ligand of 1Br with fluoride or iodide 
anion using tetrabutylammonium fluoride (nBu4NF) and NaI, 
respectively (Scheme 1).  

Ligand exchange reaction of 1Br with 1 equiv of 
tetrabutylammonium fluoride (nBu4NF) proceeded quite efficiently 
to give fluoride complex 1F in CH3CN at 25°C, demonstrating 
stronger CuII–F bond compared to the CuII–Br bond.  In Figure 1(a) 
is shown a spectral change observed upon the addition of 1 equiv of 
nBu4NF to 1Br in CH3CN, where the absorption bands at 410 nm (ε 
= 1,470 M–1 cm–1) and 560 nm (1,080 M–1 cm–1) due to 1Br (black) 
decreased to give new absorption bands at 350 nm (ε = 805 M–1 cm–

1) and 445 nm (520 M–1 cm–1) together with a weak d–d band at 900 
nm (100 M–1 cm–1) (red). The ESI-MS (positive mode) of the 
solution showed a major peak cluster at m/z = 505.31, the peak 
position as well as the isotope distrubution pattern of which were 
consistent with molecular formula of mononuclear copper(II)-
fluoride complex, [CuII(TMG3tach)(F)]+ (1F) (Figure 1(b)).   

On the other hand, a large excess of iodide ion was required to 
reach quantitative formation of the iodide complex 1I, indicating 
weaker CuII–I bond compared to the CuII–Br bond.  Treatment of 
1Br (0.12 mM) with an excess amount of NaI (500 equiv) in CH3CN 
at 25°C resulted in a spectral change to give 1I exhibiting absorption 
bands at 470 nm (ε = 1,380 M–1 cm–1) and 575 nm (1,660 M–1 cm–1) 
together with a weak and broad absorption band in the near IR 
region (λmax = 1,140 nm, ε = 200 M–1 cm–1) (Figure S1, red).  

Generated complex 1I, however, gradually decomposed to give CuI 
complexes and I3

– (93 % based on 1I) at 25°C (Figure S1 and S2), 
indicating that homolytic CuII–I bond cleavage took place at room 
temperature.  Thus, the reaction of 1Br and NaI was conducted at a 
lower temperature (–40°C) to stabilize the generated 1I (Figure S3), 
and the equilibrium constant of the ligand exchange process was 
determined to be 0.093 by the titration experiment at –40°C shown 
in Figure S4. The formation of 1I was confirmed by ESI-MS, which 
exhibited a peak cluster at m/z = 613.18, the peak position as well as 
the isotope distribution pattern were consistent with the chemical 
formula of (TMG3tach)CuIII (1I) (Figure S5).   

Figure 1. (a) UV-vis spectral change observed upon an addition of 
nBu4NF (1 equiv) to an CH3CN solution of 1Br (0.25 mM, black) gen-
erating 1F (red) at 25°C. (b) ESI-MS of 1F in CH3CN at 25°C. Inset: An 
expanded spectrum (black) and its simulation spectrum (red).  

2.2. Pysicochemical Propeties of CuII-halide Complexes 1X.  
EPR spectra of 1X were measured in acetone (Figure 2 and Figure 
S6). Although the EPR spectra of 1Cl and 1Br in CH2Cl2 have already 
been reported in our previous paper,13 those in acetone were re-
examined to obtain better hyperfine structures. Simulations of the 
spectra gave relatively large gz and small Az values (Table 2), which 
are the typical spectral feature of the copper(II) complexes having a 
tetrahedral geometry.36,37  It should be noted that 1F is a rare example 
of mononuclear copper(II)-fluoride complex having a tetrahedral 
geometry, even though single crystals suitable for X-ray 
crystallographic analysis has yet to be obtained despite our great 
efforts.  

Cyclic voltammetric measurements of 1F gave only a definitive 
reduction peak at –1.48 V (vs ferrocene/ferrocenium) (Figure S7). 
This is due to instability of the mononuclear CuI complex of 
TMG3tach as suggested by synthetic difficulty of it.13 Namely, 

X

CuII
N

N

N

Me2N

Me2N
NMe2

NMe2

NMe2

Me2N

(X = F−, Cl−, Br−, I−)

LCuI

H

C
R

R
R R C

R
R

+ HX

440 460 480 500 520

1F

[L+CuI]

m/z

504 506 508 510
m/z

505.30

Sim.

504 506 508 510
m/z

505.31

Exp.

400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

Wavelength, nm

A
bs

or
ba

nc
e

410

560

350

445

900

(a)

(b)



 

3 

treatment of the ligand and [CuI(CH3CN)4](OTf) always provided 
a trinulcer copper(I) conplex taking a linear two-cordinate geometry 
at the copper(I) center.13 In fact, 1Cl, 1Br, and 1I complexes also 
showed irreversible voltammograms with reduction peaks at –0.72 
V, –0.67 V, and –0.59 V, respectively. Although the accurate redox 
potentials of 1X could not be determined, the systematic negative 
shift of the reduction peak potentials in going from iodide to fluoride 
is consistent with the order of electron donor ability of the halide 
ligands. For instance, iodide anion has the smallest electron donor 
ability to the copper center, thus having the smallest impact on the 
ligand field splitting consistent with the lowest d–d absorption band 
energy of 1I (see below). 

 
Figure 2. X-band EPR spectrum of 1F (0.5 mM) measured in acetone 
at 110 K (Exp. black) and its simulation spectrum (Sim. red) generated 
by using parameters: gz = 2.38, gy = 2.17, gx = 2.01, Az = 66 G, Ay = 48 G, 
Ax = 32 G.  

2.3. DFT Calculation Studies for CuII-halide Complexes 1X. 
The electronic structures of 1X were deduced by the DFT calculation 
performed at the UB3LYP/6-311+G(D) level of theory.  Selected 
bond lengths and angles around the metal centers of optimized 
structures of 1X are listed in Table 1 together with those of 1Cl and 
1Br determined by X-ray crystallographic analysis indicated in 
parentheses.13 The bond lengths and angles as well as the t4 values38 
in the crystal strucutres of 1Cl and 1Br were well reproduced by the 
DFT calculation, demonstrating validity of the calculation method.  
As shown in Figure 3, 1F and 1I take slightly distorted tetrahedral 

geometry as in the case of 1Cl and 1Br.  The t4 value of the iodide 
complex was the largest (0.83) among the Cu-halide complexes, and 
the value decreases with decreasing of the ionic radie of the halide 
ligand in the order of 1I > 1Br > 1Cl > 1F (Table 1). The major 
difference appears in the N2–Cu–X angle, which decreses in going 
from 1F (138.55°) to 1Cl (128.09°) to 1Br (127.11°) and to 1I 
(125.28°) as shown in Figure 3. The steric repulsion between the 
bulky TMG substituents on the nitrogen donor atoms and the halide 
ion decreses in the order of I > Br > Cl > F (Figure S8), allowing the 
metal center to take more favoralbe tetragonal geometry.   

In Figure 4 is shown the electronic absorption spectrum of 1F 
(black dotted) together with the simulated spectrum obtained by 
TD-DFT calculation (red), and the spectral and TD-DFT data of 
other complexes are presented in Figure S9 together with the lmax 
and e values summarized in Table 2.  Red shift and increase of 
intensity of the absorption bands are recognized when the metal 
center has a better tetrahedral geometry. Natural transition orbital 
(NTO) analyses endorsed the assignment of three absorption bands 
of each complex.39 Both the excited particles and the holes 
corresponding to the lowest energy absorption bands (1F: 900 nm, 
1Cl: 1100 nm , 1Br: 1120 nm, 1I: 1140 nm) are mainly localized on 
copper d-orbitals (Table S1, Figure S10). The differences in the 
absorption coefficient factors can be ascribed to the involvement of 
4p orbital components into the orbitals correspond to the exited 
particle (1F: 0.01%, 1Cl: 1.57%, 1Br :1.36%, 1I:0.46%), and hole (1F: 
3.38%, 1Cl : 4.56%, 1Br : 4.52%, 1I: 4.81%). As for relatively strong 
absorption bands in 300–600 nm, they are assigned as ligand-to-
metal charge transfer (LMCT) bands (Table S2, Figures S11 and 
S12). Both absorption bands are ascribed to the CT from guanidine-
moiety to the copper centerr in 1F. The higher energy absorption 
bands involve partial CT from the halide to copper (XMCT) in 1Cl 
(30%) and 1Br (60%), and the lower energy bands are the LMCT 
with guanidine based orbitals. The most donating iodide ligand 
makes the lower energy band (575 nm) to a CT band from iodide 
(99%) to copper, and the higher energy band (470 nm) is a ligand 
based CT.  

 
 
Table 1.  Bond Lengths (Å), Bond Angles (deg), and τ4 Values of the Optimized Structures of 1X Obtained by DFT Calcula-

tions at the UB3LYP/6-311+G(D) Level of Theory.  
 1F 1Cl 1Br 1I 

Cu–X 1.828 2.262 (2.259) 2.378 (2.397) 2.685 
Cu–N1 2.000 1.986 (1.953) 1.987 (1.948) 1.978 
Cu–N2 1.956 1.947 (1.948) 1.952 (1.945) 1.947 
Cu–N3 2.070 2.052 (2.068) 2.061 (2.047) 2.030 

N1–Cu–X 107.86 114.13 (114.89) 115.14 (115.56) 114.33 
N2–Cu–X 138.55 128.09 (129.80) 127.11 (128.28) 125.28 
N3–Cu–X 112.95 117.29 (117.01) 117.92 (116.95) 117.64 

t4 0.77 0.81 (0.80) 0.82 (0.81) 0.83 
Bond lengths, bond angles, and t4 values obtained from the crystal structures of 1Cl and 1Br are shown in the parentheses.13  

 
Table 2.  Electronic Absorption Spectral Data and EPR Parameter of 1X 

Complex λ/nm (ε/M–1 cm–1) gx, gy, gz (giso) Ax, Ay, Az/G 
1F 340 (930) 445 (620) 800 (70) 2.01, 2.17, 2.38 (2.19) 32, 48, 66 
1Cl 405 (1,030) 535 (1,360) 1100 (210) 2.00, 2.11, 2.32 (2.14) 58, 33, 65 
1Br 410 (1,395) 560 (1,075) 1120 (220) 2.00, 2.11, 2.32 (2.14) 61, 44, 31 
1I 470 (1,200) 575 (1,420) 1140 (220) 2.04, 2.05, 2.32 (2.14) 62, 80, 18 
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Figure 3. Cu centers of the optimized structures of 1X by DFT calculations with UB3LYP/6-311+G(D) basis set. 

 

 
Figure 4. UV-vis-NIR spectrum of 1F in CH3CN measured at 25°C (red) 
and the calculated electronic absorption bands (bar) and a 
corresponding spectrum (black dotted line, peak half-width at half 
height is 0.2 eV). 

2.4. Self-decomposition CuII-halide Complexes 1X.  As 
described above, 1I gradually decomposed to give the copper(I) 
complex and I3

– (93% based on 1I), indicating that homolytic CuII–I 
bond cleavage took place.  1Br also underwent self-decomposition to 
give the copper(I) complex under anaerobic conditions, but its 
stability (t1/2 = 5 ´ 103 sec at 70°C in CH3CN, see Figure S13) was 
higher than that of 1I (t1/2 = 7.9 ´ 102 sec at 25°C in CH3CN, see 
Figure S1).  When the self-decomposition of 1Br was carried out 
under O2 atmosphere, ligand hydroxylation reaction took place to 
give a green solid in about 50% yield. X-ray crystallographic analysis 
of the sample revealed that the product was a trinuclear copper(II) 
complex 2, which consists of two molecules of copper(II) complex 
of a hydroxylated ligand that are connected by a copper(II) ion (Cu1) 
through hydroxide (O1 and O1’) and alkoxide (O2 and O2’) 
bridges (Figure S14). The copper(II) ions (Cu2 and Cu2’) ligated 
by the hydroxylated ligand exhibit a distorted square pyramidal 
geometry with three nitrogen atoms (N1, N4, N7 and N1’, N4’, N7’) 
of the ligand and two oxygen atoms of the hydroxide (O1 and O1’) 
and alkoxide (O2 and O2’) groups, and the bridging copper(II) ion 
(Cu1) exhibits square planer geometry with the four oxygen atoms 
(O1, O1’, O2, and O2’).  

The ligand hydroxylation at one of the TMG substituents was 
further confirmed by ESI-MS of the post-reaction solution (Figure 
S15) and 1H NMR of the organic compounds obtained after 
ordinary demetalation treatment using aquaous anmonia (see 
Experimental Section, Figure S16). In the ESI-MS, peak clusters 
assignable to the copper(II) complexes of hydroxylated ligand were 
observed at 501,30, 529.30, and 546,29, the peak positions and 
isotope distribution patterns were consisten with the molecular 
formulas of  [CuII(L-O)]+,  [CuII(L-O)(N2)]+, [CuII(L-O)(CO2)]+, 

respectively (L-O is deprotonated hydroxylated ligand. The N2 and 
CO2 complexes may be generated during the MS measurement in 
the equipment). There was also a peak cluster at 486.31, which was 
assignable to the copper complex of a demethylated ligand (L – CH3) 
generated by oxidative demethylation. In the 1H NMR spectrum 
(Figure S16), the methylene protons of the –CH2OH group of 
hydroxylated ligand (L-OH)  was observed at d = 5.29, but its 
integration ratio was smaller than expected value (two protons). 
This is due to oxidative demethylation of the ligand as demonstrated 
by the ESI-MS data (peak cluster at 486.31 in Figure S15). 

Mechanistic details of the ligand hydroxylation reaction are not 
clear since the reaction was too slow to perform detailed mechanistic 
study.  Nonetheless, it can be assumed that homolytic cleavage of the 
CuII–Br bond generates a CuI complex and Br•, the former of which 
may react with O2 to generate a CuII-active oxygen speceis 1O2 to 
trigger the aliphatic ligand hydroxylation reaction (Scheme 3).40,41 
On the other hand, generated Br• dimerizes to give Br2, which 
volatiles during the reaction at the higher temperature (70°C). In 
this reacion, isolated sample of 1Br was used, so that there was no 
extra Br– to trap Br2 in the solution. The same ligand hydroxylation 
product was obtained by treating the isolated copper(I) complex of 
TMG3tach ligand under O2 atmosphere, demonstrating accuracy of 
the proposed mechanism (Scheme 3).  Notably, 1Cl and 1F were 
stable at 70°C, indicating stronger CuII–Cl and CuII–F bonds 
compared to the CuII–I and CuII–Br bonds.   
 
Scheme 3.  Presumed Ligand Hydroxylation Pathway from 1Br 

 
2.4. C–H Bond Activation of External Substrate.  C–H 

bond activation reactivity of 1X was then examined by using 1,4-cy-
clohexadiene (CHD) as an external substrate.  A typical example of 
the spectral change for the reaction of 1F and CHD is shown in Fig-
ure 5(a).  Addition of an excess amount of CHD to a CH3CN solu-
tion of 1F (0.25 mM) at 25°C resulted in quantitative formation of 
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benzene based on 1F, which was confirmed by FID-GC using a cali-
bration curve.  Generation of HF was also confirmed by 19F-NMR of 
the post reaction solution (Figure S17), whereas ligand fluorination 
reaction was not observed. The reaction obeyed first-order kinetics, 
and the pseudo-first-order rate constant (kobs) was determined from 
the linear plot of ln(A – A∞) vs. reaction time based on the absorp-
tion change at 445 nm (Figure 5(a), inset). The second-order rate 
constant (k) was then determined as 1.4 × 10−3 M–1 s–1 from the slope 
of the linear dependence of kobs against the concentration of CHD 
(Figure 5(b)). Notably, this is the first example of hydrogen abstrac-
tion reaction by a copper(II)-fluoride complex. 1Cl and 1Br could also 
oxidize CHD, but their reaction rates were much smaller than that 
of 1F as shown in Figures S18 and S19, respectively. Since these re-
actions were too slow to perform detailed kinetic analysis, the reac-
tion rates were roughly estimated using their half-life times; 7.0 × 103 
sec and 2.5 × 104 sec, respectively. On the other hand, iodide com-
plex 1I hardly reacted with CHD under the same reaction conditions. 
Thus, the reactivity of the halide complexes toward CHD increases 
in the order of 1I << 1Br < 1Cl <1F.  This trend seems to correlate with 
the order of pKb values of X– and/or bond dissociate free energy 
(BDFE) of the conjugate acid H–X, but not the electron transfer re-
activity of 1X as shown in Table S4.42,43 

 

 
Figure 5. (a) UV-vis spectral change for the reaction of 1F (0.25 mM) 
with 1,4-cyclohexadiene (CHD, 250 mM) in CH3CN at 25℃. Inset: 
first-order plot based on the absorption change at 445 nm. (b) Plot of 
kobs vs. [CHD] for the reaction of 1F with 1,4-cyclohexadiene (CHD). 

The reactivity tendency is the same to that of the high-valent 
CuIII–X system showing hydrogen atom abstracting (HAA) reactiv-
ity toward 9,10-dihydroanthracene reported by Zhang and co-work-
ers.34 Similarly, MacDonald reported a high-valent NiIII–F complex 
showing a higher HAA reactivity than that of corresponding NiIII–Cl 

complex.29  Such a high HAA reactivity of the trivalent metal–halide 
complexes are attributed to the proton and electron acceptability of 
the halide ligand and the metal center, respectively. Thus, we think 
that 1X may abstract hydrogen atom from the substrate via a similar 
mechanism, where the high HAA ability of 1F is created by the high 
pKb values of F– and/or the high bond dissociate free energy (BDFE) 
of the conjugate acid H–F as well as the unstable tetrahedral struc-
ture of the copper(II) oxidation state.  Unfortunately, relatively low 
reactivity of 1X hampered us to perform detailed systematic studies 
such as correlation between the reaction rate and BDFE of the series 
of substrates and kinetic isotope effect using deuterated substrate.  

3. CONCLUSION 
In this study, we have evaluated the strucutres, physicochemical 

properties, and C–H bond activation reactivity of the whole series of 
copper(II)-halide complexes 1X supported by TMG3tach ligand, 
which enforces the copper(II) center to take an unusual tetrahedral 
geometry with a labile axial coordination site. Disorder of the 
geometry from the ideal tetrahedral one increases as the ionic size of 
the halide ligand decreased as 1I > 1Cl > 1F > 1I. Such a geometric 
effect imperts the compressed ligand field splitting of the copper 
center and larger participation of copper 4p orbital into the 
electronic absorption, thus alternating the lmax and e values of the d–
d bands. Strength of the CuII–X bond increases in the order of I < Br 
< Cl < F to enhance the stability of the copper(II) complexes.  Thus, 
the less stable 1I and 1Br easily underwent CuII–X bond homolysis to 
generate CuI complex and X•. The generated CuI complex reacted 
with O2 to induce aliphatic ligand hydroxylation reaction through 
the formation of a CuII-active oxygen complex. On the other hand, 
1F induced direct C–H bond activation of the external substrate 
CHD. Such a reacitvity can be attributed to the high pKb values of F– 
and/or the high bond dissociate free energy (BDFE) of the 
conjugate acid H–F as well as the unstable tetrahedral structure of 
the copper(II) oxidation state.  

4. EXPERIMENTAL SECTION 
4.1. General.  The reagents and solvents used in this study, except the 

ligand and the copper complexes, were commercial products of the highest 
available purity and used as received without further purification,44 unless 
otherwise noted. Ligand, TMG3tach, and its Cu(II) complexes, 1Cl and 1Br, 
were prepared according to the reported procedures.13  All reactions were 
carried out under N2 atmosphere using standard Schlenkline or a gloveboxes 
(miwa DB0-1KP or KK-011-AS, KOREA KIYON product, [O2]<1 ppm).  
UV-visible spectra were taken on a Jasco V-570 or a Hawlett Packard 8453 
photo diode array spectrophotometer equipped with a Unisoku thermo-
stated cryostat cell holder USP-203.  1H-NMR spectra were recorded on a 
JEOL JNM-ECS400 or a JEOL ECS400 spectrometer.  Electrospray ioniza-
tion mass spectra (ESI-MS) measurements were performed on a microTOF 
II focus (Bruker Daltonics).  Electron paramagnetic resonance (EPR) spec-
tra were measured on a BRUKER EMX-micro continuous-wave X-band 
spectrometer, and simulated with the SpinCount program.45  Electrochemi-
cal measurements (cyclic voltammetry) were performed at 298 K using an 
Automatic Polarization System HZ-7000 in deaerated acetonitrile 
(CH3CN) containing nBu4NPF6 (tetra-n-butylammonium hexafluorophos-
phate, 0.10 mM) as a supporting electrolyte.  A conventional three-electrode 
cell was used with a glassy carbon working electrode and a platinum wire as 
a counter electrode.  The measured potentials were recorded with respect to 
Ag/AgNO3 (1.0 × 10–2 M).  All electrochemical measurements of the copper 
complexes were carried out under a nitrogen atmosphere.  All redox poten-
tials are referenced to ferrocene/ferrocenium (Fc/Fc+) redox potential. 

4.2. Generation of 1F. An acetonitrile solution (50 µL) of nBu4NF 
(15 mM) was added to an acetonitrile solution (3.0 mL) of 1Br (0.25 
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mM) in a UV cell (1.0 cm path length) at 25 °C to generate 1F immedi-
ately. UV-vis (CH3CN, 25 °C): λmax = 350 nm (ε = 805 M−1 cm−1), 445 
nm (ε = 520 M−1 cm−1), and 900 nm (ε = 100 M−1 cm−1); ESI-MS (pos-
itive mode): m/z = 505.31, calcd for [CuII(TMG3tach)F]+ 
(C21H45CuFN9), 505.30. 

 4.3. Generation of 1I. An acetonitrile solution (150 µL) of  NaI 
(1200 mM) was added to an acetonitrile solution (3.0 mL) of 1Br (0.12 
mM) in a UV cell (1.0 cm path length) at –40 °C to generate 1I imme-
diately. UV-vis (CH3CN, –40 °C): λmax = 470 nm (ε = 1380 M−1 cm−1), 
575 nm (ε = 1660 M−1 cm−1), and 1140 nm (ε = 200 M−1 cm−1); ESI-
MS (positive mode): m/z = 613.18, calcd for [CuII(TMG3tach)I]+ 
(C21H45CuIN9), 613.21. 

4.4. Preparation of 2. [CuII(TMG3tach)Br]ClO4 (5.0 mg, 7.0 
μmol) dissolved in CH3CN (1.0 mL) was stirred at 70°C under O2 at-
mosphere for 18 h. Then, reaction mixture was filtered to remove insol-
uble material, and the filtrate was concentrated under reduced pressure 
to obtain a green solid (1.6 mg, 50 %). Single crystals suitable for X ray 
crystallographic analysis were obtained by recrystallization from 
THF/hexane (Table S3 and Figure S14). The hydroxylated ligand was 
recovered as a mixture of the original ligand by the ordinary demetalla-
tion treatment. Thus, the post-reaction solution was treated with 5.0 
mL of 28 % aqueous ammonia solution, and then extracted by CH2Cl2 
(5 mL x 3). The combined organic layer was dried over MgSO4 and 
concentrated under reduced pressure after removal of MgSO4 by filtra-
tion.  1H NMR spectrum of the organic compounds is shown in Figure 
S16; 1H NMR (400 MHz, CDCl3) d = 5.29 (s, –CH2OH). 

4.5. X-ray Structure Determination.  All single crystals obtained in this 
study were mounted on a DT-MicroLoop (MiTegen, LLC) with mineral oil, 
and all X-ray date were collected at –163°C on a Rigaku R-AXIS RAPID dif-
fractometer using filtered Mo-Kα radiation.  The structures were solved by 
direct method (SIR2011) and expanded using Fourier techniques.46  Non-
hydrogen atoms were refined anisotropically by full-matrix least squares on 
F2.  Hydrogen atoms were attached at idealized positions on carbon atoms 
and were not refined.  All structures in the final stages of refinement showed 
no movement in the atom positions.  The calculations were performed using 
Single-Crystal Structure Analysis Software, version 4.1 (Rigaku Corpora-
tion: The Woodlands, TX). The crystallographic data of 2 are summarized 
in Table S3 and the selected bond lenghths and angles are presented in the 
figure caption of Figure S14. 

4.6. Theoretical Calculations.  DFT calculations were performed by us-
ing Gaussian 09 (revision D.01; Gaussian, Inc.).47  Molecular structures were 
optimized by using the UB3LYP functional with 6-311+G(d) basis set. For 
the optimized geometry, normal coordinate analyses for energy minima 
were performed to confirm no imaginary frequency.  Electronic excitation 
energies and intensities were computed by the time-dependent TD-DFT 
calculations at the same level to its geometric optimization.48 The first 30 ex-
cited states were calculated.  Graphical outputs of the computational results 
were generated with the GaussView software program (ver. 5.0.8) developed 
by Semichem, Inc.49 

4.7. Kinetic Measurements.  Kinetic measurements for the reaction of 
copper(II) halide complexes 1X with external substrates were performed us-
ing a Hawlett Pckard 8453 photo diode array spectrophotometer equipped 
with a Unisoku thermostaic cryostat cell holder USP-203 (a desired temper-
ature can be fixed within ± 0.5°C) in CH3CN.  Typically, after formation of 
1F by the reaction of 1Br (0.25 mM) with an equimolar amount of 
nBu4NF·3H2O at 0–25°C in CH3CN, the reactions were initiated by injecting 
a substrate solution into the solution of 1F with use of a microsyringe at a 
desired temperature.  The amount of the added substrates is kept more than 
2.5 mM to maintain the pseudo-first-order-reaction conditions. The reac-
tions were monitored by following decrease in absorbance at 445 nm, and 
the pseudo-first-order-rate constants (kobs) of the reactions were obtained 
from the plot of ln(ΔA) aginst time (t).	
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Synopsis 
Structures, physicochemical properties, and reactivity of the whole series of mononuclear copper(II)-halide complexes supported by 
TMG3tach tridentate ligand consisting with cis,cis-1,3,5-triaminocyclohexane (tach) and bulky and strongly electron donating substit-
uent N,N,N’,N’-tetramethylguanidine (TMG) have been explored to evaluate the structural importance on the spectroscopic and elec-
tronic features as well as the reactivity toward C–H bond activation reaction.  
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