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Structure, EPR/ENDOR and DFT characterisation of a
[Cu'(en),](OTf), complext

Emma Carter,*® E. Louise Hazeland,>® Damien M. Murphy?® and Benjamin D. Ward*?

The Jahn-Teller distorted Cu(i) complex [Cu(en),](OTf), 1 (en = 1,2-diaminoethane) has been reported
and characterised using X-ray crystallography, EPR and ENDOR spectroscopy, and DFT calculations. The
solid state structure shows an intra- and inter-molecular hydrogen-bonded network via the N-H groups
and the coordinated triflate anions. CW and pulsed EPR/ENDOR were used to determine the spin
Hamiltonian parameters of the Cu(i) complex, which were in excellent agreement with the DFT. The
structure of the complex, as determined by angular selective ENDOR, is also in good agreement with the
crystal structure, confirming the axial coordination of the counter-ion(s) in the frozen solution. The small
"N superhyperfine couplings are also consistent with the sp® hybridised nature of the coordinating
nitrogens. These results show that the correlation between the "N hyperfine coupling and hybridisation
of donor nitrogens can be useful to determine not only the coordination around the Cu(i) metal centre
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Introduction

The coordination chemistry of copper(n), with its significant
Jahn-Teller distortion along the z-axis, is somewhat more
complex than for the majority of transition metals, since a
variety of coordination geometries are commonplace.!
However, copper complexes have found widespread appli-
cation in functional metal complexes, such as catalysts. Being
relatively inexpensive, they have been highlighted as potential
candidates for environmentally benign catalysts based upon
non-toxic and inexpensive metals.> The paramagnetic nature
of copper(u), with its single unpaired electron, means that ana-
lysis using Electron Paramagnetic Resonance (EPR) techniques
can divulge a significant amount of information that can be
helpful in further understanding the intricacies of its complex
coordination chemistry,® and it is this aspect that we report
here.

As a means to embark on these investigations, we have
employed the ubiquitous 1,2-diaminoethane (ethylene
diamine, en) as a supporting ligand for copper(u). Ethylene
diamine is well established as an excellent supporting ligand
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but also the nature of the donor in unknown Cu(i) systems.

for Cu(u), since there are many complexes found with two en
ligands occupying the equatorial plane of a Jahn-Teller dis-
torted octahedral complex. It was with some surprise therefore
to discover that the crystal structure of the anhydrous complex
[Cu(en),](OTf), 1 has not been reported and we sought to use
this relatively simple complex as a means to establish the
synergic analysis of such complexes using a combination of
synthetic, spectroscopic and theoretical methods.

Whilst EPR studies of coordinated Cu(u) complexes are
numerous, considerably fewer studies involving Electron
Nuclear Double Resonance (ENDOR) spectroscopy of these
complexes have been reported.” Owing to the higher resolving
power of ENDOR, a more detailed analysis of the ligand hyper-
fine couplings can be extracted from the EPR spectra, which in
turn provides more information on the metal-ligand orien-
tation and unpaired spin densities, even in orientationally dis-
ordered systems,”” as illustrated by the many excellent ENDOR
reviews of copper proteins.® Furthermore, it is well known that
the correlation between the Cu g, and A values can provide
useful insights into the local coordination environment
surrounding the Cu(n) centre.” However, an equally important
correlation is also found between the hyperfine coupling con-
stants of the donor nitrogens and the structure of the first
coordination sphere in the Cu(u) complex, as revealed by the
"N ENDOR spectra.® As a result, both single crystal and
powder (frozen solution) ENDOR studies of Cu(u) complexes
bearing an N4, N2S2, ¢is-N202 and trans-N202, have all been
investigated in the past’ in order to study the relationship
between the structure of the coordinated Cu(u) ion and the
spin Hamiltonian parameters. Surprisingly, no detailed

This journal is © The Royal Society of Chemistry 2013
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ENDOR studies have ever been reported for perhaps one of the
simplest Cu(u) complexes bearing an N4 coordination sphere
(i.e., [Cu"(en),]*"). Historically, only a limited number of EPR
reports have appeared on the hydrated mono- and bis-ethyl-
enediamine Cu(n) complex,’®™® and only the g values were
reported in these works.

Herein, we provide the first detailed EPR and ENDOR ana-
lysis of the [Cu"(en),](OTf), complex bearing the weakly co-
ordinated triflate counterions (1), in frozen acetonitrile-THF
solution, and compare the experimental spin Hamiltonian
parameters to the theoretical values extracted by DFT. The
structural parameters derived from the angular selective
ENDOR methodology are then compared to the crystal
structure.

Results and discussion
Crystal structure

The ethylene diamine copper(u) complex [Cu(en),](OTf), 1 was
prepared using anhydrous copper(u) triflate in dry acetonitrile.
X-ray quality single crystals were grown directly from the reac-
tion mixture; the molecular structure is displayed in Fig. 1,
with principal metric parameters listed in Table 1. The struc-
ture contains two independent copper centres, each displaying
a distorted octahedral geometry, as evidenced by the angles
subtended at copper, which deviate from the ideal 90°. As

Fig. 1 Displacement ellipsoid plot (35%) of [Cu(en),](OTf),. H atoms omitted
for clarity, except those bonded to N, which are shown as spheres of arbitrary
radius.
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Table 1 Selected bond lengths (A) and angles (°) for [Cu(en),](OTf),] 1
Cu(1)-N(1) 2.0202(15) Cu(2)-N(5) 2.0003(14)
Cu(1)-N(2) 2.0190(14) Cu(2)-N(6) 2.0214(15)
Cu(1)-N(3) 2.0154(15) Cu(2)-N(7) 1.9964(15)
Cu(1)-N(4) 2.0136(15) Cu(2)-N(8) 2.0169(15)
Cu(1)-0(1) 2.5104(12) Cu(2)-0(7) 2.5824(12)
Cu(1)-0(4) 2.4787(12) Cu(2)-0(11) 2.6903(12)
N(3)-0(3) 2.978(2) N(6)-0(9) 3.196(2)
N(4)-0(12) 3.1107(19) N(8)-0(10) 3.1486(19)
N(1)-Cu(1)-N(3) 175.91(6) N(5)-Cu(2)-N(7) 179.11(6)
N(2)-Cu(1)-N(4) 179.24(6) N(6)-Cu(2)-N(8) 179.03(7)
N(1)-Cu(1)-0(1) 91.77(5) N(5)-Cu(2)-0(7) 84.11(5)
N(2)-Cu(1)-0(1) 86.25(5) N(6)-Cu(2)-0(7) 91.04(5)
N(3)-Cu(1)-0(1) 92.31(5) N(7)-Cu(2)-0(7) 96.39(5)
N(4)-Cu(1)-0(1) 93.13(5) N(8)-Cu(2)-0(7) 89.90(5)
N(3)-H(3D)-0(3) 137(2) N(6)-H(6D)-0(9) 148.4(18)
N(4)-H(4C)-0(12) 146.0(19) N(8)-H(8D)-0O(10) 152.9(19)

expected for Cu(u), the complex displays a significant Jahn-
Teller distortion along the O-Cu-O axis, the bond lengths
being significantly greater than the Cu-N bond distances by
ca. 0.5 A. The triflate anions, whilst loosely coordinated to the
copper centres, are also held in place by a series of intra- and
inter-molecular hydrogen bonds, which were found between
non-coordinating oxygen atoms and N-H groups of the ethyl-
ene diamine ligands. The metric parameters lie within the
expected ranges found within the Cambridge Structural
Database.'*

Whilst the structure of 1 has not been reported, the struc-
tural motif containing two ethylene diamine units occupying
the equatorial plane of a Cu(u) complex is by no means
uncommon. There are many such complexes reported, the
most common being those in which water ligands occupy the
axial positions,' although examples have been reported con-
taining coordinated counterions, such as nitrate,'"'* oxalate,'®
sulphonate,'” and carboxylate.'®

The mass spectrometry data are supportive that the solid
state structure is largely representative of the structure in solu-
tion: as expected from a weakly coordinated triflate, the parent
ion was not observed, and the largest identifiable peak was
that attributed to the cation formed via loss of one triflate.
Nevertheless, the fact that one triflate remains coordinated
under such conditions shows a significant degree of triflate
coordination that is likely to exist in solution, and this has
been confirmed using ENDOR measurements (vide infra).

DFT calculations

The structure of [Cu(en),](OTf), 1 was calculated by density
functional theory calculations, using the unrestricted B3LYP
hybrid functional and the 6-31+G(d,p) basis set incorporated
into the Gaussian 09 software package.'® The optimised struc-
ture was found to be in excellent agreement with the X-ray
structure; TD-DFT calculations were performed and indicated
an excited state absorption at 536 nm, corresponding largely to
a formally forbidden transition between MOs containing d
character (Fig. 2 and Fig. S1T). This matches extremely well
with the experimentally observed UV-vis absorption at 545 nm
(e=75.6 mol™" dm® em™).

Dalton Trans., 2013, 42, 15088-15096 | 15089
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The spin Hamiltonian parameters for Cu(u) and the corres-
ponding ligand nuclei, 'H, "N and '°F, were calculated for
[Cu(en),](OTf), 1 in order to compare to the experimental EPR
and ENDOR data. The calculations were performed using the
ORCA package®® employing the atomic coordinates of the DFT-
optimised structure. The relevant EPR parameters are listed in
Tables 2-4 and discussed further below.

EPR spectroscopy

The X-band continuous wave (CW) EPR spectrum of 1 was
recorded in a frozen solution of acetonitrile-tetrahydrofuran
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Fig. 2 Principal p MOs involved in TD-DFT computed absorption (HOMO — 11
- SOMO).

View Article Online

(1:1) at 10 K (Fig. 3a). This MeCN-THF solution was found to
give the best quality spectrum. The isotropic room temperature
EPR spectrum and the X-band pulsed (FSED) EPR spectrum
are also shown in the ESI for completeness (Fig. S2 and S3t).
No extra resolution was observed in the pulsed EPR spectrum.
The low temperature CW spectrum (Fig. 3a) was found to be
axially symmetric (Table 2). Although the copper hyperfine
splitting could be readily extracted from the spectrum, the con-
tributions to the spin Hamiltonian from the two °*®Cu iso-
topes and the "N ligand nuclei could not be determined. In
general, large N superhyperfine couplings can be directly
observed in the X-band EPR spectra of Cu(u) macrocycles (e.g.,
in Cu(u) porphyrins, phthalocyanines) or salen complexes. The
absence of such resolved features and resolution in Fig. 3a
arises from the considerably smaller magnitude of the ''N
coupling in 1 (vide infra).

To obtain more accurate g values, the Q-band EPR spectrum
was also recorded (Fig. 3b). Owing to the magnitude of the g3
and A; components, a considerable overshoot appears in the
X-band spectrum, common for such Cu(u) complexes,” and
this complicates the extraction of the perpendicular g values
from X-band data alone. Owing to the large g strain experi-
enced at the higher field, a reliable estimate of the unresolved
perpendicular A values is also difficult; nevertheless, analysis
of the ajy, coupling from the room temperature spectrum
(Fig. S21) enables an accurate value to be found. The resulting
X- and Q-band simulations are shown in Fig. 3a’ and b’, and
the associated spin Hamiltonian parameters are listed in
Table 2.

The g values for 1 are similar to those previously reported
for [Cu(en),] and typical of those expected of Cu(u) bearing a
d,2_,» ground state. The literature references in Table 2 were all
studied at X-band frequency, hence only axially symmetric g
values were reported. In this work, a very small rhombic distor-
tion can be observed in g for [Cu(en),](OTf), afforded by the
increased resolution at Q-band frequency (Table 2). The vari-
ation in gj is clearly influenced by the choice of the counter-
ion, although the chloride, sulphate and nitrate bearing

Table 2  Principal g and A spin Hamiltonian parameters for [Cu(en);](X), where X = counterion, including OTf~, CI7, NOs™, 50,2~ and BF4". For comparison,
a range of Cu(i) complexes in different ligand environments are also included
& 2" g:" A’ 4’ A5° Ref.
[Cu(en),](OTf), Expt 2.040 2.046 2.202 -78.0 -82.0 -602.0
DFT 2.046 2.049 2.152 —83.3 —-98.7 —858.0
[Cu(en)](Cl), 2.049 2.049 2.239 — — — 104
[Cu(en),](Cl), 2.047 2.047 2.205 — — — 114
[Cu(en),](BE,), 2.048 2.048 2.198 — — — 114
[Cu(en),](NO;), 2.059 2.059 2.189 — — — 124
[Cu(en),](SO.) 2.054 2.054 2.166 — — — 134
Cu(gly),] 2.0434 2.0715 2.2644 156.4 39.7 468.7 9%
Cu(Box)](OTf), 2.064 2.073 2.313 15.0 14.5 506.7 25
[Cu(Box)], 2.054 2.063 2.254 25.9 28.9 461.3 25
»CuPC] 2.0405 2.0405 2.1625 —86.0 —86.0 —-643.0 9b
The Cu hyperfine values (4) values are given in MHz.  +0.005. b45.¢+3 MHz. “No hyperfine values reported.
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Table 3
nating ligand environment are also included

View Article Online

4N hyperfine and quadrupole parameters for [Cu(en),](OTf),. For comparison the 4N parameters for Cu(i) in an N2, N4, cis-N202 and trans-N202 coordi-

Coordination Complex’ A, A, A P’ P, P e*qQIn¢ n? Ref.
cis-N202 (imino) [Cu(salen)] 50.5 37.4 38.5 -1.15 0.70 0.45 -2.3 0.2 9e
[Cu(acacen)] 48.7 39.1 39.1 — — — — — 9g
trans-N202 [Cu(sal),] 51.9 42.1 43.6 -1.71 1.91 -0.20 9d
[Cu(gly),] 32.8 20.6 17.40 1.26 -1.81 0.55 9h
N2 [Cu(Box)](OTf), 45.6 35.9 36.7 ~0.87 0.97 ~0.10 -2.3 0.2 25
[Cu(Box)]Cl, 41.9 32.5 32.8 ~0.87 0.97 -0.10 -2.5 0.15 25
N4 (aza) [Cu(TPP)] 54.2 42.7 44.0 —0.62 0.93 -0.31 9a
[CuPc] 56.4 44.8 45.7 -0.79 0.82 0.03 9b
[Cu(Box),] 39.8 33.1 32.9 —0.57 0.52 0.05 25
N4 (amine) [Cu(en),](OTf), 39.35 26.0 26.4 -1.25 0.86 0.39 T.W.

All values are given in MHz. “ +0.2 MHz. ? +0.1 MHz. ©+0.2 MHz. % +0.1. ¢ The structures of these complexes are given in Fig. S5; T.W. = this work.

Table 4 'H and '°F principal hyperfine values for [Cu(en),](OTf),

Ay’ As(y) As) Qiso a I Y Adip
C-Hay Expt 5.70 10.0 4.76 6.77 0 10 0 -2.17
DFT 5.33 9.52 4.16 6.34 16.4 9.7 94.5 -2.18
C-Heq Expt —2.63 -1.70 4.30 —0.01 0 60 0 431
DFT -2.63 -1.77 4.00 -0.13 -15.2 63.1 43.5 4.13
N-H Expt —8.00 5.52 —13.65 —5.38 35 50 0 -8.27
DFT —9.66 5.52 —-17.09 -7.08 411 47.7 -13.7 -10.01
19 Expt —0.35 —0.35 0.80 0.1 0 0 0 0.7
DFT 0.79 —0.40 -0.38 0.01 -4.0 86.67 6.3 0.79

All A values are given in MHz, with relative signs. “ +0.2 MHz. ” +10°. © +5°. ¥ Note this angle of rotation affects the ordering of the A tensor.

complexes also reportedly contain water (ie., [Cu(en),](X)-
2H,0) compared to the anhydrous 1. The A" values for
the bis-ethylenediamine complex have not previously been
reported, due to the spectra being recorded on either
undiluted powders or single crystals.""® The experimental
values found in this work were found to be in good agreement
with the DFT derived values (Table 2), not withstanding the
known limitations of DFT in calculating metal hyperfine split-
ting, where ““A values are often overestimated.>” These g/A
parameters confirm the tetragonally octahedral environment
of copper in 1.

ENDOR of ligand nuclei

ENDOR spectroscopy provides more information on the extent
of spin delocalisation onto the surrounding ligand nuclei. In
ideal cases (single crystals), analysis of the spectra yields the
complete hyperfine tensor for interacting nuclei, including the
orientation of the respective tensors. In frozen solutions,
the analysis is considerably more complicated. Nevertheless,
by recording the ENDOR data at selected magnetic field
positions (Fig. 3c), one can observe spectra from the copper

This journal is © The Royal Society of Chemistry 2013

complexes having a specific orientation with respect to the
external magnetic field.

The theory of angular selective ENDOR for disordered
systems was initiated by Rist and Hyde,”* and completed for
general cases by Hoffman and co-workers®” (with later adap-
tations by Kreilick),"™® and has been explained in several
reviews.>® An important aspect to note, is that the two unique
‘single crystal-like’ turning points in the powder EPR pattern,
namely corresponding to a g = g, and g = g, position (shown
by arrows in Fig. 3c) can be more readily resolved at Q-band,
since considerable overlap of multiple Cu my transitions
occurs close to g = g, at X-band, rendering the data more
difficult to simulate. Hence, the angular selective Q-band **N,
'H and '°F ENDOR spectra recorded at multiple field positions
are shown in Fig. 4 and 5.

The experimental and simulated angular selective "N
ENDOR spectra are shown in Fig. 4. The resulting hyperfine
and quadrupolar values are listed in Table 3. The hyperfine
tensor is very nearly axially symmetric, with the largest princi-
pal axis directed approximately along the Cu-N bond. There is
no evidence of any inequivalency among the four '*N nuclei in
the ENDOR spectra, as suggested by the slight rhombicity in

Dalton Trans., 2013, 42, 15088-15096 | 15091
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Fig. 3 CW EPR spectra (10 K) of [Cu(en),](OTf), 1 recorded in a frozen aceto-
nitrile-THF (1:1) solution (a) X-band, (b) Q-band, (c) road-map showing the
angular dependency profile. The corresponding simulations are given in a’
and b'.

vl MHz

Fig. 4 CW Q-band "N ENDOR spectra (10 K) of [Cu(en),](OTf), 1 recorded in
a frozen d>-acetonitrile—d®-THF (1:1) solution. The ENDOR spectra were
recorded at the field (a) 1198, (b) 1193.5, (c) 1188.9, (d) 1135.2, (e) 1095.6 and
(f) 1077.5 mT. Corresponding simulations are shown with a dotted line. Peaks
appearing at lower frequencies arise from solvent 2H.

the g tensor. Any minor in-plane distortion leading to in-equiv-
alencies in the nitrogen couplings, would likely be unresolved
in the intrinsically broad "N spectra. The hyperfine coupling
is noticeably smaller in 1 compared to a range of other Cu(u)
complexes bearing coordinated nitrogen ligands in an N,, N,
or N,O, environment (see Table 3). This indicates that the
delocalisation of the unpaired spin onto the ligand nitrogen
nuclei is significantly smaller in this complex (a;s, = 30.5 MHz
for 1, compared to 42.13 MHz for [Cu(salen)],” for example).
Interactions of Cu(u) complexes with electron-donor molecules
causes a decrease of the nitrogen coupling constants in the
square-planar array.® In the present case of [Cu(en),](OTf),,

15092 | Dalton Trans., 2013, 42, 15088-15096
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Fig. 5 CW Q-band 'H ENDOR spectra (10 K) of [Cu(en),](OTf), 1 recorded
at the field positions (a) 1198, (b) 1193.5, (c) 1188.9, (d) 1183.6, (e) 1175.9,
(f) 1164.7, (g9) 1151.6, (h) 1135.2, (i) 1116.2, (j) 1095.6 and (k) 1077.5 mT.
Corresponding simulations are shown with a dotted line.

electron donation from the oxygen atoms of the counterions in
the two axial positions may be responsible for the much
smaller hyperfine couplings detected.

The magnitude of the "N hyperfine coupling in any Cu(u)
complex will depend on the extent of distortions to the in-
plane arrangement of the ligands” (which in turn affects the
unpaired electron distribution) but also from hybridisation of
the nitrogen coordinating orbitals.® Complexes bearing co-
ordinated nitrogens with planar conformation, such as imino
nitrogens and aromatic aza nitrogens (salen and porphyrin
complexes, Table 3), are expected to produce large hyperfine
couplings, compared to those with nitrogens possessing a
tetrahedral conformation, such as amine nitrogens. As a result
the sp® hybridised nature of the nitrogens in the en ligand
accounts for the lower observed *N hyperfine couplings in 1.
Although in-plane distortions may partly contribute to the
lower “A values in 1, the hybridised "*N orbitals of en which
overlap with the |x> — y*) metal orbitals, would appear to be
the dominant factor.

The results presented herein demonstrate that the N-donor
hybridisation might be predicted based on the magnitude
of the "N hyperfine coupling determined through ENDOR

This journal is © The Royal Society of Chemistry 2013
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spectroscopy. This diagnostic tool may prove particularly
useful in investigations of samples with unknown or compet-
ing donor molecules.

The magnitude of the N couplings (Table 3) are such that
at X-band frequencies, the 'H and "N peaks are completely
overlapped, owing to the large nuclear Larmor frequency of
the proton. This can be seen in the pulsed X-band Davies
ENDOR spectrum (Fig. S41) of 1, where the '*N couplings are
completely buried and unresolved under the 'H peaks. For
this reason, we recorded the ligand "H couplings at Q-band fre-
quencies (Fig. 5), since v, = 51 MHz for 'H at 1200 mT, avoid-
ing any overlap and distortion with the **N peaks which now
appear in the 5-30 MHz region (Fig. 4).

The 'H ENDOR spectra were extremely well resolved, facili-
tating the simulations and extraction of the hyperfine coup-
lings. The resulting principal components of the hyperfine
values are listed in Table 4. Three distinct sets of proton coup-
lings were identified. By comparison to the values calculated
by DFT, these couplings were assigned to the -NH amine
proton and the axial and equatorially positioned methine
protons of the carbon backbone (labelled CH,yeq). The agree-
ment between the experimental and calculated hyperfine coup-
lings is excellent. The -NH proton possesses a relatively large
aiso and Agjp, value, reflecting both the unpaired spin density in
the sp® hybridised "*N orbitals, and the close proximity of the
amine proton to the copper centre. Whilst the axial -CH
proton also has a large a;s, component, the dipolar contri-
bution to the hyperfine tensor is considerably less owing to
the Cu---H distance. An almost opposite trend is manifested
for the equatorial -CH proton, and once again this is expected
owing to the orientation of these protons in positions parallel
and orthogonal to the primary Cu-N4 plane.

Although the crystal structure clearly evidences the presence
of an internal H-bond between the -NH proton and the oxygen
of the triflate counter-ion, we were unable to confirm this via
our ENDOR measurements. In principle, H-bonding to a
proton will result in a broadening of the ENDOR peaks, and in
some favourable cases, a shift in the hyperfine coupling.**
Recording the ENDOR spectra of [Cu(en),]*” in the absence of
a potential H-bonding counter-ion, and in a solvent of
different dielectric properties, would be required to extract the
experimental -NH coupling in the absence of H-bonding and
to examine how solvent affects the strength of the H-bond.

The '°F hyperfine coupling, arising from the coordinated
triflate counter-ion, was also clearly resolved in the ENDOR
spectra. Since v, = 48 MHz for '°F at 1200 mT, the fluorine
couplings are partly overlaid on the 'H spectra (Fig. 5). Since
the theoretical aiy, for *°F is very large (52808 MHz), even a
small spin density at the nucleus is sufficient to produce a
resolvable coupling by ENDOR (Table 4) and this confirms that
the counter-ion remains coordinated to the copper in solution.
According to the crystal structure, the Cu---F distances vary
from 4.51-5.96 A, with coordination to copper along the axial
(z) axis. The 'F ENDOR data also support this, since the
largest component of the coupling occurs along the z-axis (at
g = g))- The ENDOR data clearly shows we have [Cu(en),](OTf),

This journal is © The Royal Society of Chemistry 2013

View Article Online

where x = 1 or 2. Whilst it is not possible to determine the
number of coordinating (OTf)” ions from the ENDOR data
directly, the relatively narrow linewidths in the '’F ENDOR
spectrum indicates a well-defined Cu-F interaction, and the
absence of a '°F matrix line would suggest that there are no
(OTf)™ ions at a more remote distance from the copper centre
(i.e. non-coordinating). Therefore, in combination with the
XRD evidence we suggest that x = 2, i.e. [Cu(en),|(OTf),. This
situation is in fact analogous to a recent example reported by
us for a [Cu(bis-oxazoline)](OTf), complex,* illustrating the
advantages of ENDOR to study the coordination mode of
counter-ions in metal complexes.

Experimental

[Cu(en),](OTf), was prepared and handled under an atmos-
phere of argon or dinitrogen using standard Schlenk and glove
box techniques. Solvents were dried by passing through an
alumina drying column incorporated into a MBraun SPS800
solvent purification system. All solvents were degassed, satu-
rated with argon, and stored under argon in Teflon valve
ampoules prior to use. All other reagents were purchased from
commercial suppliers and used as received unless otherwise
stated.

Infrared spectra were prepared as KBr pellets and were
recorded on a Jasco 660-Plus FTIR spectrometer. Infrared data
are quoted in wavenumbers (cm™"). UV/vis data were measured
on a Perkin Elmer Lambda 20 UV/vis spectrometer. Elemental
analyses were recorded by Mr Stephen Boyer at London Metro-
politan University, and mass spectra were recorded by the
EPSRC National Mass Spectrometry Service.

[Cu(en),](OTf),

A solution of copper(u) triflate (0.5 g, 1.38 mmol) in aceto-
nitrile was added to a solution of ethylene diamine (2 eq.,
2.76 mmol, 0.18 ml) in acetonitrile. The reaction was stirred
overnight before concentrating and cooling to 5 °C. The title
complex formed as blue crystals on standing overnight. Yield:
0.44 g, 65%. Anal. Calc. for C¢H,sCuF¢N,O4S,: C 14.96, H 3.35,
N 11.63. Found: C 15.06, H 3.29, N 11.53. UV/ViS: Apax =
545 nm, ¢ = 75.6 mol™* dm® em™. IR (KBr) [v/em™']: 3337
(N-H), 3284 (N-H), 2967 (C-H), 2905 (C-H), 1160 (C-F), 1028
(C-N). Accurate mass ES-MS for [Cu{C,H4(NH,),},(OTf)]": m/z
=332.0186 (calc. for CsH;4CuF;N,05,S: 332.0191).

EPR/ENDOR measurements

For CW and pulsed EPR/ENDOR measurements, the [Cu(en),]-
(OTf), 1 was dissolved in d*-acetonitrile-d®-tetrahydrofuran
(1:1, 21 mM). All X-band EPR spectra were recorded on
a Bruker EMX spectrometer operating at 100 kHz field modu-
lation and equipped with a high sensitivity X-band cavity (ER
4119HS). The spectra were recorded at a microwave power of
10 mW at 140 or 298 K. The CW Q-band ENDOR spectra were
recorded at 10 K on a CW Bruker ESP 300E series spectrometer
equipped with an ESP360 DICE ENDOR unit, operating at
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12.5 kHz field modulation in a Q-band ENDOR cavity (Bruker
ER 5106 QT-E). The ENDOR spectra were obtained using 8 dB
RF power from an ENI A-300 RF amplifier and 50 or 200 kHz
RF modulation depth and 1 mW microwave power. The pulsed
X-band EPR/ENDOR spectra were recorded on a Bruker Elexsys
E580 spectrometer equipped with a liquid Helium cryostat
from Oxford Inc. Simulations were performed using the Easy-
spin toolbox in Matlab.>¢

DFT calculations

Geometry optimisation and TD-DFT calculations were per-
formed using the Gaussian 09 program.'® The structure of
[Cu(en),](OTf), 1 was optimised without geometry restraints
using the unrestricted B3LYP hybrid functional, employing the
6-31+G(d,p) basis set on all atoms. The geometry optimisation
was followed by a frequency calculation to ascertain the nature
of the stationary point (minimum vs. saddle point). TD-DFT
calculations were performed on the optimised geometry. The
12 lowest excitation energies were calculated.

The EPR parameters were calculated via spin-unrestricted
density functional computations using the ORCA package®’
using the DFT-optimised coordinates for 1. The computations
were performed with the B3LYP functional. Basis sets with sig-
nificant flexibility in the core region were used (ORCA basis
sets ‘CoreProp’ (CP(m))*” for copper, and a Barone basis set
‘EPRII'*® for the remaining atoms).

Crystallography

Single crystals of [Cu(en),](OTf), suitable for X-ray analysis
were grown from a saturated solution in acetonitrile.} X-ray
data were collected by the EPSRC National Crystallographic
Service®® on a Rigaku Saturn 724+ CCD diffractometer. Inten-
sity data were measured at 100 K using Mo-K,, radiation (1 =
0.71073 A). The structure was solved using direct methods
with absorption corrections being applied as part of the data
reduction scaling procedure. After refinement of the heavy
atoms, difference Fourier maps revealed the maxima of
residual electron density close to the positions expected for
the hydrogen atoms; they were introduced as fixed contribu-
tors in the structure factor calculations and treated with a
riding model, with isotropic temperature factors (Ujso(H) =
1.3Ucq(C)) but not refined, except for the hydrogens attached
to the nitrogen atoms, which were taken from the Fourier
difference synthesis and refined. The N-H bond distances
were restrained to 0.91(2) A. Full least-square refinement was
carried out on F>. A final difference map revealed no signifi-
cant maxima of residual electron density. Structure solution
and refinement were performed using the SHELX software
suite.*® CCDC reference number: 946821.

fX-ray data for 1: C4H;6CuFgN,O6S,, M = 481.89; crystal system monoclinic,
space group P2,/n, a = 16.7332(6) A, b = 10.3150(4) A, ¢ = 20.3164(14) A, a = 90°,
/= 101.664(7)°, y = 90°, V = 3434.3(3) A, T =100 K, Z = 8, 7846 unique reflec-
tions, R(int) = 0.0242, R, [I > 26(I)] = 0.0251, wR, (all data) = 0.0703.
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Conclusions

The crystal structure of the anhydrous [Cu(en),](OTf), 1
complex, bearing coordinated triflate counter-ions, has been
reported for the first time. A series of intra- and inter-molecular
hydrogen-bonded networks involving the ligand N-H groups
and the weakly coordinated triflate counter-ion were identified
in the solid state structure. The structure and electronic pro-
perties of the frozen solution complex 1 were further character-
ised by advanced EPR/ENDOR techniques. No previous
ENDOR studies have ever been reported for any [Cu(en),]
complex. The "N hyperfine and quadrupole parameters were
found to be relatively small and shown to be consistent with
the sp® hybridised nature of the coordinated ligand nitrogens.
The principal hyperfine values for the ligand "H’s were also
determined, including the axial and equatorial C-H protons
and the N-H protons. The magnitude of the anisotropic and
isotropic components to the hyperfine (A4, and ass,) were in
good agreement with those expected from the crystal structure
and confirmed via DFT calculations. Evidence for the retention
of the triflate coordination in frozen solution was also con-
firmed via the '"F ENDOR data. The orientation and mag-
nitude of the 'F tensor was entirely consistent with the
crystallographic data and the DFT calculations.

This work confirms the correlation between the hyperfine
coupling and hybridisation of donor nitrogens®® and
demonstrates that the "N hyperfine constants may be useful
for estimation of copper binding sites. This relationship
may be of particular significance in determining the
identity of unknown Cu(u) sites, particularly in samples of
biological interest in which nitrogen-containing heterocycles
are abundant and whose crystal structures are not readily
available. There are several examples in the literature of
how the full range of paramagnetic techniques have been
employed to study nitrogen interactions in metalloproteins
and enzymes.®" Indeed, this result may prove useful to an
investigation currently underway in our group focussed
towards identifying the coordination modes of a series of N-
heterocycles to Cu(u) for which multiple binding confor-
mations are possible.*>
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