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Abstract 
Admixture of a N3S(thioether) ligand having two internal hydrogen bond donors (pbnpa: N-2-(phenylthio)ethyl-
N,N-bis-((6-neopentylamino-2-pyridyl)methyl)amine; ebnpa: N-2-(ethylthio)ethyl-N,N-bis-((6-neopentylamino-2-
pyridyl)methyl)amine) with equimolar amounts of Cu(ClO4)2·6H2O and NaX (X = Cl−, NCO−, or N3

−) in 
CH3OH/H2O yielded the mononuclear Cu(II) derivatives [(pbnpa)Cu–Cl]ClO4 (1), [(ebnpa)Cu–Cl]ClO4 (2), 
[(pbnpa)Cu–NCO]ClO4 (3), [(ebnpa)Cu–NCO]ClO4 (4), [(pbnpa)Cu–N3]ClO4 (5), and [(ebnpa)Cu–N3]ClO4 (6). Each 
complex was characterized by FTIR, UV-VIS, EPR, and elemental analysis. Complexes 1, 2, 3 and 6 were 
characterized by X-ray crystallography. The structural studies revealed that [(pbnpa)Cu–X]ClO4 derivatives (1, 3) 
exhibit a distorted square pyramidal type geometry, whereas [(ebnpa)Cu–X]ClO4 complexes (2, 6) may be 
classified as distorted trigonal bipyramidal. EPR studies in CH3OH/CH3CN solution revealed that 1–6 exhibit an 
axial type spectrum with g∥ > g⊥ > 2.0 and A∥ = 15–17 mT, consistent with a square pyramidal based geometry 
for the Cu(II) center in each complex. A second species detected in the EPR spectra of 2 and 6 has a 
smaller A∥ value, consistent with greater spin delocalization on to sulfur, and likely results from geometric 
distortion of the [(ebnpa)Cu(II)–X]+ ions present in 2 and 6. 

 

Introduction 
Within the active sites of the copper-containing enzymes dopamine β-monooxygenase (DβM) and 
peptidylglycine α-amidating enzyme (PAM), substrate oxidation is proposed to occur at a mononuclear 
nitrogen/sulfur(thioether)-ligated copper center.1 The coordination environment of this copper ion is similar for 
both enzymes and appears to vary with the oxidation level of the metal center.2,3 For oxidized DβM, the 
CuB coordination environment has been identified by copper K-edge EXAFS studies as being comprised of 
two/three histidineligands and one/two water molecules.2a In the oxidized copper(ii) form of PAM, the primary 
coordination sphere of CuM consists of two histidinenitrogens, a water molecule, and a weakly-coordinated 
methionine sulfur (Cu–SMet ∼2.7 Å).3 It is generally believed that a similar long Cu–SMet interaction is present in 
DβM, but is undetectable by EXAFS. Reduction of the copper ions in DβM and PAM yields CuB and CuM centers 
that both exhibit strong coordination to a methionine sulfur (CuB Cu–SMet: 2.25 Å (EXAFS);2a CuM: Cu–SMet: 2.24 Å 
(EXAFS)2b,4) as well as two histidinenitrogens.5 These changes in Cu–SMet interactions in DβM and PAM, as a 
function of the oxidation state of the metal, have been suggested to be important toward tuning the redox 
potential of the copper center.2b 

A recent model study suggests that the influence of thioether ligation on the chemistry of divalent copper 
centers remains to be fully elucidated.6,7 Specifically, an investigation by Kodera and coworkers suggests that the 
nature of the thioether substituent in supporting N3S chelate ligands is important toward influencing the 
chemistry of copper(ii) species.6e Using a series of S-substituted N3S ligands (2-bis-(6-methyl-2-



pyridylmethyl)amino-1-(R-)ethane, R = –SC6H5, –SCH3, –S(i-C3H7)), Kodera et al. found that their ability to 
spectroscopically observe a novel Cu–OOH intermediate was related to the nature of the thioether substituent 
present, with a phenyl thioether ligand providing a spectroscopically observable CuO2H derivative. Notably, 
ligands having –SCH3 and –S(i-C3H7) substitutents were not effective in producing a spectroscopically observable 
CuO2H intermediate. A copper(ii) chloride complex of the 2-bis-(6-methyl-2-pyridylmethyl)amino-1-
(phenylthio)ethane ligand was shown to exhibit a distorted square pyramidal geometry (τ = 0.39)8 with a long 
axial Cu–S(thioether) interaction (Cu–S 2.6035(3) Å). This distance is slightly shorter than that observed for the 
CuM–SMet interaction (∼2.7 Å) in the oxidized form of PAM.3 The structures of mononuclear divalent copper 
complexes of other N3S ligands involved in the study by Kodera et al. (e.g. –SCH3, S(i-C3H7) derivatives) were not 
reported. Thus, it is unclear whether the phenylthio substituent was the only supporting chelate ligand in the 
above outlined series of ligands to yield a weak Cu–S(thioether) interaction in copper(ii) derivatives. Another 
observation regarding the 2-bis-(6-methyl-2-pyridylmethyl)amino-1-(phenylthio)ethane-ligated copper system 
of Kodera et al. is that the phenyl thioether substituent does not undergo sulfur oxidation in the presence of 
H2O2. Copper complexes having a –SCH3 and –S(i-C3H7) substituent in the supporting chelate ligand were instead 
observed to readily undergo sulfur oxidation to yield sulfoxides and sulfones under identical conditions.6e 

In the work described herein, we have examined the fundamental copper(ii) coordination chemistry of two N3S 
ligands having two internal hydrogen bond donors. In the context of this study, we have addressed an issue that 
is of relevance to the previously reported study by Kodera and coworkers.6e Specifically, we have directed our 
studies toward evaluating how different thioether substituents influence the solid state and solution properties 
of mononuclear divalent copper complexes relevant to the CuB and CuM sites in DβM and PAM, respectively. 

Results and discussion 
Syntheses and structures 
Treatment of a N3S ligand having two internal hydrogen bond donors (pbnpa or ebnpa9) with equimolar 
amounts of Cu(ClO4)2·6H2O and NaX (X = Cl, NCO, N3) in methanol, followed by crystallization from 
methanol/water/acetone, yielded a series of crystalline solids (1–6, Scheme 1) following partial evaporation of 
the solutions at ambient temperature. Each solid was carefully dried under vacuum and characterized by FTIR, 
UV-VIS, EPR, and elemental analysis. 

 
Scheme 1 
 

Crystals suitable for single crystal X-ray crystallographic analysis were obtained for complexes 1, 2, 3, and 6. 
Details of the data collection and structure refinement are given in Table 1. Structural drawings of the 
complexes are shown in Fig. 1 and 2. Selected bond distances and angles are given in Table 2. 



 
Fig. 1 Representations of the cationic portions of the X-ray crystal structures of 1 (top) and 2 (bottom). All 
ellipsoids are shown at the 50% probability level (all hydrogen atoms except secondary amine hydrogens not 
shown for clarity). 
 



 
Fig. 2 Representations of the cationic portions of the X-ray crystal structures of 3 (top) and 6  (bottom). All 
ellipsoids are shown at the 50% probability level (all hydrogen atoms except secondary amine hydrogens not 
shown for clarity). 
 

Table 1 Crystal data, data collection, and refinement parameters for 1, 2, 3, and 6a 

  1 2 3 6 
Formula C30H43Cl2CuN5O4S C26H43Cl2CuN5O4S C31H43ClCuN6O5S C26H43ClCuN8O4S 
M 704.19 656.15 710.76 662.73 
Crystal system Monoclinic Triclinic Monoclinic Triclinic 
Space group P2(1)/c P  P2(1)/c P  
a/Å 11.0077(2) 8.4860(1) 7.2979(2) 8.5866(2) 
b/Å 14.5441(2) 13.8394(2) 34.5443(14) 13.7903(3) 
c/Å 20.7276(5) 14.3749(3) 13.0965(5) 14.6773(4) 
α/° 

 
101.7717(6) 

 
78.9526(9) 

β/° 97.4909(7) 91.7414(6) 91.517(3) 89.4294(9) 
γ/° 

 
106.5561(11) 

 
73.8704(16) 



V/Å3 3290.11(11) 1577.11(4) 3300.5(2) 1636.89(7) 
Z 4 2 4 2 
µ/mm−1 0.932 0.967 0.855 0.856 
T/K 200(1) 150(1) 150(1) 150(1) 
Reflns measured 13782 11542 10159 11484 
Unique reflns obs. 7509 7142 6643 7415 
R1 0.0462 0.0321 0.0499 0.0405 
wR2 0.1027 0.0723 0.0911 0.0969 

a All structures determined using Mo Kα radiation, refinements based on F2. For I > 2σ(I), 
R1 = Σ ‖Fo| − |Fc‖/Σ |Fo|, and wR2 = [Σ[w(Fo2 − Fc2)2/Σ[(Fo2)2]]1/2, where w = 1/[σ2(Fo2) + (aP)2 + bP]. 

Table 2 Selected bond distances (Å) and angles (°) for the X-ray structures of 1, 2, 3, and 6a 

1  2  
Cu(1)–N(1) 2.025(2) Cu(1)–N(1) 2.1744(14) 
Cu(1)–N(3) 2.043(2) Cu(1)–N(3) 2.0374(15) 
Cu(1)–N(4) 2.014(2) Cu(1)–N(4) 2.0897(14) 
Cu(1)–Cl(1) 2.2548(8) Cu(1)–Cl(1) 2.2740(5) 
Cu(1)–S(1) 2.6605(8) Cu(1)–S(1) 2.3681(5) 
Cl(1)–Cu(1)–N(1) 98.26(7) Cl(1)–Cu(1)–N(1) 105.84(4) 
Cl(1)–Cu(1)–N(3) 149.82(7) Cl(1)–Cu(1)–N(3) 171.75(4) 
Cl(1)–Cu(1)–N(4) 95.59(7) Cl(1)–Cu(1)–N(4) 101.48(4) 
Cl(1)–Cu(1)–S(1) 123.37(3) Cl(1)–Cu(1)–S(1) 86.614(17) 
N(1)–Cu(1)–N(4) 165.08(9) N(1)–Cu(1)–N(4) 109.59(6) 
N(1)–Cu(1)–S(1) 81.25(7) N(1)–Cu(1)–S(1) 111.45(4) 
N(4)–Cu(1)–S(1) 95.76(7) N(4)–Cu(1)–S(1) 133.97(4) 
N(3)–Cu(1)–N(1) 82.46(9) N(3)–Cu(1)–N(1) 80.35(6) 
N(3)–Cu(1)–N(4) 82.78(9) N(3)–Cu(1)–N(4) 81.12(6) 
N(3)–Cu(1)–S(1) 86.68(7) N(3)–Cu(1)–S(1) 86.01(4) 
     
3  6  
Cu(1)–N(1) 2.017(3) Cu(1)–N(1) 2.0214(18) 
Cu(1)–N(3) 2.040(3) Cu(1)–N(2) 2.0950(17) 
Cu(1)–N(4) 2.029(3) Cu(1)–N(4) 2.1474(19) 
Cu(1)–N(6) 1.943(3) Cu(1)–N(6) 1.9652(19) 
Cu(1)–S(1) 2.7143(9) Cu(1)–S(1) 2.4015(6) 
N(6)–Cu(1)–N(1) 97.34(11) N(1)–Cu(1)–N(6) 178.33(7) 
N(6)–Cu(1)–N(3) 160.69(12) N(2)–Cu(1)–N(6) 99.60(7) 
N(6)–Cu(1)–N(4) 96.16(10) S(1)–Cu(1)–N(6) 91.85(5) 
N(6)–Cu(1)–S(1) 113.76(9) N(2)–Cu(1)–N(4) 112.24(7) 
N(1)–Cu(1)–N(4) 165.70(10) N(2)–Cu(1)–S(1) 128.59(5) 
N(1)–Cu(1)–S(1) 86.37(7) N(4)–Cu(1)–S(1) 115.04(5) 
N(4)–Cu(1)–S(1) 92.48(7) N(1)–Cu(1)–N(2) 81.66(7) 
N(3)–Cu(1)–N(1) 82.61(10) N(1)–Cu(1)–N(4) 81.31(7) 
N(3)–Cu(1)–N(4) 83.09(10) N(1)–Cu(1)–S(1) 86.50(5) 
N(3)–Cu(1)–S(1) 85.54(7) N(4)–Cu(1)–N(6) 99.18(8) 

a Estimated standard deviations are indicated in parentheses. 

The structural features of [(pbnpa)Cu–Cl]ClO4 (1) are generally similar to the chloride complex reported by 
Kodera and coworkers supported by the 2-bis-(6-methyl-2-pyridylmethyl)amino-1-(phenylthio)ethane chelate 



ligand (L1).6e However, subtle differences are present, including a slightly longer Cu–SPh interaction (1: Cu(1)–
S(1) 2.6605(8) Å; [(L1)CuCl]ClO4: Cu–S 2.6035(3) Å) a more square pyramidal Cu(ii) center (1: τ = 0.25; 
[(L1)CuCl]ClO4: τ = 0.39),8 and a slightly longer Cu–Cl bond (1: Cu(1)–Cl(1) 2.2548(8) Å; [(L1)CuCl]ClO4: Cu–Cl(1) 
2.2159(3) Å). Notably, the Cu–S(1) distance of 1 is ∼0.1 Å shorter than that observed for a mononuclear N3S-
ligated copper(ii) bromide complex of the methyl thioetherligandN-2-(methylthio)ethyl-N,N-bis-(2-
pyridylmethyl)amine (L2, [(L2)Cu–Br]ClO4: Cu–S(1) 2.762(3) Å, τ = 0.19).8,10 Significant solid-state structural 
perturbation is found when the phenyl thioether moiety in 1 is replaced by an ethyl thioether substituent. In the 
X-ray crystal structure of [(ebnpa)Cu–Cl]ClO4 (2), the geometry of the copper(ii) ion is distorted trigonal 
bypyramidal (τ = 0.63),8 with the Cu(1)–S(1) bond length (2.3681(5) Å) being ∼0.29 Å shorter than that observed 
for 1. This Cu(ii)–S(thioether) distance is only slightly longer than that observed for a distorted square pyramidal 
(τ = 0.15)8 copper(ii) complex of the N3S ligandN-2-(methylthio)ethyl-N,N-bis-(2-pyridylethyl)amine (2.335(2) Å), 
wherein a pyridylnitrogen is found in the axial position (Cu–N 2.199(4) Å).6c The Cu–Npy distances in 2 are 
elongated by ∼0.07–0.11 Å as compared to those found in 1, with the longest being Cu(1)–N(1) (2.1744(14) Å). 

On the basis of comparison of R and U(B) values for structure solutions for 3 as [(pbnpa)Cu–NCO]ClO4 or 
[(pbnpa)Cu–OCN]ClO4, we have concluded that the cyanateligand exhibits N-coordination. Overall, as in 1, the 
copper(ii) center of 3 exhibits a slightly distorted square pyramidal geometry (τ = 0.08).8 The Cu(1)–S(1) distance 
(2.7143(9) Å) is ∼0.05 Å longer than for the chloride derivative. The Cu–N distances involving the chelate ligand 
for 1 and 3 are identical within experimental error. The Cu(1)–N(6) distance (1.943(3) Å) is at the long end of the 
range (∼1.89–1.96 Å) of Cu–N(NCO) equatorial bond lengths reported in the literature.11 The Cu(1)–N(6)–C(31) 
angle (140.1(3)°) is acute when compared to other complexes having terminal cyanate coordination to a 
copper(ii) center. (∼138–170°) and thus suggests a major contribution of resonance form A (below) in the 
cyanate bonding in 3.11 This notion is supported by the observation of identical N(6)–C(31) and C(31)–O(1) bond 
lengths for 3 within experimental error (1.189(4) and 1.199(4) Å, respectively), and a N(6)–C(31)–O(1) bond 
angle of 176.5(4)°. 

 

Azide anion is an inhibitor of DβM and has been used in kinetic, EPR, and paramagnetic NMR studies of the 
enzyme.12 For this reason, we have comprehensively characterized copper(ii) azide derivatives of the pbnpa and 
ebnpa ligands (5 and 6). Comparison of the X-ray crystallographically determined metrical parameters of 6 with 
those of [Cu(Hbppa)(N3)]ClO4, a mononuclear Cu(ii) azide complex of a structurally related ligand (Hbppa = N-(2-
pyridylmethyl)-N,N-bis(6-pivaloylamido-2-pyridylmethyl)amine)13 that has previously been reported in the 
literature, reveals interesting perturbations due to substitution of a thioether for a pyridyl donor in the 
supporting chelate ligand. Specifically, the copper(ii) ion in 6 exhibits a more trigonal bipyramidal geometry (τ = 
0.83; [Cu(Hbppa)(N3)]ClO4τ = 0.65),8 a slightly elongated Cu–N(tertiary amine) distance (6: Cu(1)–N(1) 2.0214(18) 
Å; [Cu(Hbppa)(N3)]ClO4 1.987(7) Å), and a significantly longer bonding interaction with the thioether sulfur (6: 
Cu(1)–S(1) 2.4015(6) Å) than is observed with the pyridylnitrogen in [Cu(Hbppa)(N3)]ClO4 (2.056(7) Å). The Cu–
N(azide) distances are similar for the two complexes (6: 1.9652 (19) Å; [Cu(Hbppa)(N3)]ClO4 1.937(7) Å). Finally, 
the bond distances (N(6)–N(7) 1.212(3) Å, N(7)–N(8) 1.145(3) Å) and angles (Cu(1)–N(6)–N(7) 121.00(15)°, N(6)–
N(7)–N(8) 178.1(2)°) involving the azide ligand in 6 are typical of transition metal azide ligation. Specifically, the 
longer N–N distance, due to contributions from the canonical form A (below), is found between the metal-
bound nitrogen and the middle nitrogen, and the M–N3 bond angle is ∼117–132°.14 

 



Evidence for hydrogen-bonding interactions between the neopentyl amine moieties of the pbnpa/ebnpa ligands 
and the bound anions (Cl−, NCO−, and N3

−) may be derived from the solid state structures of 1–3 and 6. For the 
chloride derivatives, the observed heteroatom distances (1: N(1)⋯Cl(1) 3.17 Å, N(5)⋯Cl(1) 3.17 Å; 2: N(1)⋯Cl(1) 
3.21 Å, N(5)⋯Cl(1) 3.20 Å) indicate that hydrogen-bonding interactions are likely present.15 The same can be 
inferred for the cyanate and azide derivatives 3 (N(2)⋯N(6) 2.93 Å, N(5)⋯N(6) 2.89 Å) and 6 (N(2)⋯N(6) 2.91 Å, 
N(5)⋯N(6) 2.88 Å), albeit based on the bond distances/angles of these bound psuedohalides, only 
approximately one lone pair is available on the metal-bound nitrogen atom of either 3 or 6 to participate in 
secondary hydrogen bonding interactions. 

FTIR, UV-VIS, and EPR spectroscopy 
The νa(NCO) vibrations for 3 and 4 are found at 2191 and 2187 cm−1, respectively. A νs vibration, which is 
typically found in the range of 1100–1400 cm−1, is not readily identifiable in these systems due to overlap with 
ligand-based vibrations. 

For the azide derivatives 5 and 6, the νa(N3) vibrations are found at 2051 and 2061 cm−1, respectively. These 
values compare well with the same vibration observed for Cu(Et4dien)Br(N3) (2053 cm−1), a complex that 
possesses a terminal azide anion with symmetric N–N distances.16 A νs(N3) vibration was not identifiable 
(typically ∼1300 cm−1) upon comparison of the solid state FTIR spectra for chloride (1 and 2) and azide 
derivatives (5 and 6). 

The region of 3400–3200 cm−1 in the solid state FTIR spectra for this family of complexes is complicated by the 
appearance of either two distinct bands, or one broad band that looks to be the overlap of two features. Small 
differences detected in the hydrogen-bonding interactions involving the bound halides/pseudohalides in 1–6 by 
X-ray crystallography may provide a rationale for the observation of two bands. However, as the heteroatom 
distances of these interactions differ by <0.05 Å, an alternative explanation could be that the band at lower 
frequency is an overtone of the N–H bending vibration (found in the region 1618–1624 cm−1 for 1–6) which is 
intensified by Fermi resonance.17 

In CH3CN solution (∼2–3 mM), the pbnpa-ligated complexes (1, 3, and 5) generally exhibit d–d transitions at 
higher energies, and with lower extinction coefficients, than the ebnpa-ligated analogs (2, 4, and 6; Fig. 3). LMCT 
features involving the bound anion were observed only for the azide derivatives (5: 388 nm (2200 M−1 cm−1); 6: 
398 nm (2050 M−1 cm−1)). 

 
Fig. 3 UV-vis spectral features of 1–6 in d–d transition region. Complexes having pbnpa as the supporting chelate 
ligand are shown in solid lines (1 (square), 3 (circle), 5 (diamond)); ebnpa-ligated systems are shown in dashed 
lines (2 (square), 4 (circle), and 6 (diamond)). 
 



EPR spectra collected on 0.4 mM solutions (9 ∶ 1 CH3OH ∶ CH3CN) of 1–6 yielded spectra as shown in Fig. 4. These 
spectra show species with clear g(z) > g(x,y) and A(z) coupling for all of the complexes, consistent with the 
presence of a dx

2−y2 ground state and a square pyramidal-based geometry in solution. Complexes 2 and 6 exhibit 
more complicated spectra, with two species present in each sample. Values for g∥, g⊥, A∥, and A⊥ for 1–6, derived 
from spectral simulation,18 are given in Table 3. 

 
Fig. 4 Low temperature EPR spectra of complexes in frozen solution (0.4 mM in 9 ∶ 1 CH3OH ∶ CH3CN). Spectra 
are labelled according to compound number (1–6). Each trace (except 2a) was recorded at 115 K, 2 mW 
microwave power, 9.32 GHz. Trace 2a was recorded at 115 K, 159 mW microwave power. All traces are 
presented with principal g-values aligned to a magnetic field scale corresponding to a microwave frequency of 
9.64 GHz. 
 

Table 3 EPR parameters for 1–6 

Complex g∥ g⊥ A∥/mT A⊥/mT 
1 2.245 2.049 15.4 a 
2b 2.223 2.032 16.6 a  

2.192 2.054 12.0 a 
3 2.250 2.047 15.9 1.1 
4 2.248 2.052 16.8 1.3 
5 2.248 2.050 15.7 1.2 
6b 2.243 2.054 15.6 1.1  

2.167 –c 5.6 a 
a None detected. b Two major species were identified by difference. c g⊥ could not be determined. 

Using an analysis of g(z) and A(z) values developed by Peisach and Blumberg,19 we have determined that 
complexes 1 and 3–5 possess predominantly mixed nitrogen/oxygen ligation (Fig. S1, supplementary 
information†). Notably, this does not rule out the presence of a long Cu–S interaction in these systems, akin to 
that observed in the solid state structure of 1. One component present in the EPR spectra of 2 and 6 may be 
classified in a similar manner. However, an additional species present in these samples has a smaller A∥ value, 
consistent with greater spin delocalization on to sulfur.19 These additional species likely result from geometric 
distortion of the Cu(ii) cations present in 2 and 6, and may be present only in the ebnpa-ligated systems (–SEt) 
due to an enhanced donor ability for the alkyl- versus an aryl-substituted thioether sulfur in the supporting 
chelate ligand. 



Conclusions 
In this study, we have examined the structural and solution properties of a new family of divalent copper 
complexes supported by two N3S(thioether) chelate ligands, each having two internal hydrogen bond donors. 
The N3S ligands differ in the nature of the –SR substituent (R = Ph (pbnpa) or Et (ebnpa)). Single crystal X-ray 
crystallographic analysis of copper(ii) chloride, cyanate, and azide derivatives revealed that –SPh ligated systems 
tend to produce copper(ii) derivatives having a more square pyramidal structure and a long Cu–S interaction 
(∼2.7 Å), whereas –SEt ligated systems exhibit a distorted trigonal bipyramidal geometry in the solid state. 
Solution EPR studies revealed that the species present for both –SPh and –SEt supported copper(ii) complexes 
have a square pyramidal based geometry. Interestingly, only –SEt (ebnpa) derivatives have a second species 
present that exhibits an A∥ value consistent with enhanced spin delocalization on sulfur. The subtle differences 
in solution behaviour between the –SPh and –SEt ligated systems may explain why the presence of a specific 
thioether substitutent has been observed to influence the chemistry of divalent copper complexes relevant to 
DβM and PAM.6e 

Experimental 
General 
All reagents and solvents were obtained from commercial sources and were used as received unless otherwise 
noted. Solvent used in the preparation of the pbnpa ligand were dried according to literature procedures and 
were distilled under nitrogen prior to use.20 The ligand ebnpa (N-2-(ethylthio)ethyl-N,N-bis-(6-neopentylamino-
2-pyridymethyl)amine) and the ligand precursor 2-(phenylthio)ethylamine hydrochloride were prepared 
according to literature procedures.9,21FTIR and 1H and 13C{1H} NMR spectra were collected under conditions 
identical to those previously reported.22EPR spectra were recorded using Bruker Elexsys E500 spectrometers 
equipped with either (1) a 9.64 GHz ER 4116DM cavity and an Oxford Instruments ESR-900 helium flow cryostat 
or, (2) a 9.32 GHz ER 4123SHQE cavity and an ER 4131VT nitrogen flow temperature control system. Magnetic 
fields and microwave frequencies were recorded and spectra are all presented on a field scale corresponding to 
9.64 GHz. Spin Hamiltonian parameters were derived from data prior to field adjustment.18 Elemental analyses 
were performed by Atlantic Microlabs of Norcross, GA. 

Preparation of N-2-(phenylthio)ethyl-N,N-bis-((6-pivalolylamido-2-pyridyl)methyl)amine 
(pbppa) 
Prepared in a similar manner to N-2-(ethylthio)ethyl-N,N-bis-((6-pivalolylamido-2-pyridyl)methyl)amine (ebppa), 
in this case using 2-(phenylthio)ethylamine hydrochloride.9 Purified by column chromatography on 200–400 
mesh silica gel (1 ∶ 1 ethyl acetate: hexane; Rf = 0.40). Yield: 80%. Found: C, 67.61, H, 7.35, N, 13.04. 
C30H39N5SO2 requires C, 67.51, H, 7.37, N, 13.13%; νmax/cm−1 3436 (N–H), 1684 (C O); 1H NMR (CD3CN, 270 
MHz): δ 8.20 (br, 2H), 7.99 (d, J = 8.2 Hz, 4H), 7.67 (t, J = 7.6 Hz, 2H), 7.26 (m, 4H), 3.71 (s, 4H), 3.14–3.05 (m, 2H), 
2.80–2.70 (m, 2H), 1.25 (s, 18H). 13C{1H} NMR (CD3CN, 67.9 MHz) δ 178.0, 159.2, 152.2, 139.6, 137.5, 130.0, 
129.0, 126.5, 119.6, 112.7, 61.0, 53.9, 40.5, 31.1, 27.6 (15 signals expected and observed); m/z 534 ([M + H]+, 
100%). 

Preparation of N-2-(phenylthio)ethyl-N,N-bis-((6-neopentylamino-2-
pyridyl)methyl)amine (pbnpa) 
Prepared in a manner similar to N-2-(ethylthio)ethyl-N,N-bis-((6-neopenylamino-2-pyridyl)methyl)amine 
(ebnpa).9 Purified by column chromatography on 200–400 mesh silica gel (Rf ∼ 0.55 broad, trailing band). Yield: 
55%. Found: C, 70.45, H, 8.67, N, 13.52. C30H43N5S requires C, 71.24, H, 8.58, N, 13.86%; νmax/cm−1 (KBr) 3420 (N–
H); νmax/cm−1 (CH2Cl2, 100 mM) 3427; 1H NMR (CD3CN, 270 MHz): δ 7.32 (t, J = 7.2 Hz, 2H), 7.22–7.16 (m, 4H), 



7.15–7.06 (m, 1H), 6.69 (d, J = 7.2 Hz, 2H), 6.32 (d, J = 8.2 Hz, 2H), 5.02 (br, 2H, N–H), 3.62 (s, 4H), 3.13 (d, J = 6.3 
Hz, 4H), 3.14–3.06 (m, 2H), 2.82–2.72 (m, 2H), 0.92 (s, 18H). 13C{1H} NMR (CD3CN, 67.9 MHz) δ 160.2, 158.6, 
138.2, 137.9, 130.0, 128.9, 126.3, 111.8, 106.4, 61.0, 52.9, 53.5, 32.9, 31.3, 27.9 (15 signals expected and 
observed); m/z 506 ([M + H]+, 100%). 

Caution! Perchlorate salts of metal complexes with organic ligands are potentially explosive. Only small amounts 
of material should be prepared and these should be handled with great care.23 

General procedure for preparation of copper(ii) complexes 
A methanol solution (∼1 mL) of the chelate ligand (pbnpa or ebnpa, ∼40–60 mg) was treated with an equimolar 
amount of Cu(ClO4)2·6H2O dissolved in methanol (∼1 mL). After stirring the resulting solution for ∼10 min, a 
methanol slurry of NaX (X = Cl, NCO, N3) was added. To this heterogeneous mixture was added water (∼6 mL) 
and acetone (∼3 mL) until a homogeneous solution was obtained. This solution was then allowed to evaporate 
at ambient temperature, which led to the deposition of 1–6 as crystalline solids. 

[(pbnpa)Cu–Cl]ClO4 (1) 
Yield: 71%. Found: C, 51.04; H, 6.13; N, 9.88. C30H43N5O4SCl2Cu requires C, 51.27; H, 6.17; N, 9.97%; λmax/nm 
(CH3CN) 325 (ε/M−1 cm−1 12 400), 670 (sh, 170), 765 (190); νmax/cm−1 (KBr) 3321 (N–H), 1089 (ClO4), 623 
(ClO4); m/z 603 ([M–ClO4]+, 100%). 

[(ebnpa)Cu–Cl]ClO4 (2) 
Yield: 90%. Found: C, 47.51; H, 6.58; N, 10.51. C26H43N5O4SCl2Cu requires C, 47.69; H, 6.62; N, 10.70%; λmax/nm 
(CH3CN) 323 (ε/M−1 cm−1 12 100), 740 (sh, 250), 837 (280); νmax/cm−1 (KBr) 3298 (N–H), 1087 (ClO4), 623 
(ClO4); m/z 555 ([M–ClO4]+, 100%). 

[(pbnpa)Cu–NCO]ClO4 (3) 
Yield: 86%. Found: C, 51.60; H, 6.03; N, 11.55. C31H43N6O5SClCu requires C, 52.45; H, 6.11; N, 11.85%; λmax/nm 
(CH3CN) 324 (ε/M−1 cm−1 12 300), 628 (180), 719 (190); νmax/cm−1 (KBr) 3352 (N–H), 2191 (NCO), 1088 (ClO4), 622 
(νClO4); m/z 610 ([M–ClO4]+, 55%). 

[(ebnpa)Cu–NCO]ClO4 (4) 
Yield: 81%. Found: C, 49.02; H, 6.50; N, 12.51. C27H43N6O5SClCu requires C, 49.00; N, 6.55; H, 12.71%; λmax/nm 
(CH3CN) 322 (ε/M−1 cm−1 12 200), 723 (270), 804 (300). νmax/cm−1 (KBr) 3306 (N–H), 2187 (NCO), 1090 (ClO4), 623 
(νClO4); m/z 562 ([M–ClO4]+, 59%). 

[(pbnpa)Cu–N3]ClO4 (5) 
Yield: 69%. Found: C, 50.48; H, 6.06; N, 15.66. C30H43N8O4SClCu requires C, 50.76; H, 6.11; N, 15.80%; λmax/nm 
(CH3CN) 325 (ε/M−1 cm−1 13 200), 388 (2200), 646 (320), 825 (245); νmax/cm−1 (KBr) 3300 (N–H), 2051 (N3), 1095 
(ClO4), 624 (ClO4). 

[(ebnpa)Cu–N3]ClO4 (6) 
Yield: 91%. Found: C, 47.43; H, 6.45; N, 16.65. C26H43N8O4SClCu requires C, 47.19; H, 6.55; N, 16.94%; λmax/nm 
(CH3CN) 325 (ε/M−1 cm−1 12 700), 398 (2050), 666 (450), 837 (420); νmax/cm−1 (KBr) 3266 (N–H), 2061 (N3), 1090 
(ClO4), 624 (ClO4); m/z (relative intensity): 562 ([M–ClO4]+, 12%). 

X-ray crystal structure determinations 
Crystal data, data collection, and refinement parameters for 1, 2, 3, and 6 are given in Table 1. The CCDC 
references are 209457–209460; see http://www.rsc.org/suppdata/dt/b3/b304846b/ for crystallographic data in 
CIF format. 



A crystal of each compound 1, 2, 3, and 6 was mounted on a glass fiber with traces of viscous oil and then 
transferred to a Nonius KappaCCD diffractometer with Mo Kα radiation (λ = 0.71073 Å) for data collection at 
150(1) K (2, 3, and 6) or 200(1) K (1). For each compound, an initial set of cell constants was obtained from ten 
frames of data that were collected with an oscillation range of 1° frame−1 and an exposure time of 20 s frame−1. 
Indexing and unit cell refinement based on observed reflections from those ten frames indicated 
monoclinic P lattices for 1 and 3, and triclinic P lattices for 2 and 6. Final cell constants for each complex were 
determined from a set of strong reflections from the actual data collection. For each data set, reflections were 
indexed, integrated, and corrected for Lorentz polarization and absorption effects using DENZO-SMN and 
SCALEPAC.24 The structures were solved by a combination of direct methods and heavy atom using SIR 97 
(Release 1.02).25 All of the non-hydrogen atoms were refined with anisotropic displacement coefficients. Unless 
otherwise stated, hydrogen atoms were assigned isotropic displacement coefficients U(H) = 1.2U(C) or 
1.5U(Cmethyl), and their coordinates were allowed to ride on their respective carbons using SHELXL-97.26 

Crystals of 1 were determined to belong to the monoclinic crystal system. Systematic absences in the data were 
consistent with the space group P21/c. All hydrogen atoms were located and refined independently. Two oxygen 
atoms of the perchlorate anion were found to be disordered over two positions (0.81 ∶ 0.19 occupancy ratio), 
whereas the fourth oxygen was best fit over three positions (0.40∶ 0.40∶ 0.20). Complex 2 crystallizes in the 
space group P . All hydrogen atoms were located and refined independently. The cyanate 
derivative 3 crystallizes in the space group P21/c. All hydrogen atoms were located and refined independently. 
The azide complex 6 crystallizes in the space group P . Hydrogen atoms were located and refined independently 
except those on C(14) and C(24), which were assigned isotropic displacement coefficients and their coordinates 
were allowed to ride on their respective carbons. 
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