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The compound (ethylenediamine-N)-bis(ethylenediamine-N,N’)-copper(ll) bis(nitrate) is reported.
It has an asymmetric unit containing Cu(ll) penta-coordinating to two chelating ethylenediamine
(en) and one monodentate en ligands with square-pyramidal-based geometry having severe trig-
onal distortion, together with two nitrate anions. It is the first crystallographic confirmation of
the existence of penta-coordination with exclusively en ligands for any metal center, as well as
the first monodentate en attached to Cu(ll) seen in the solid state. It can be visualized as the
penta-ammine effect realized solely with bi-amine ligands, defying the presumed necessity of
mono-amines. X-ray crystallography establishes it to have P2,/c space group with a = 12.83 A,
b=977A c=11.91A, and B =94.8° (at 100 K). Spectroscopic analysis of this compound is
consistent with the crystallographic assessment of the coordination chemistry, and it is found to
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be a S=1/2 paramagnet.

1 Introduction

Ethylenediamine (en) is one of the most prevalent ligands in co-
ordination chemistry and was once termed "God’s gift to coor-
dination chemist".! It is the most widely studied bidentate amine
and readily forms highly stable five-membered metallocyclic rings
when chelating a metal ion. Coordination compounds with en lig-
ands and its derivatives are also used in the pharmaceutical %™,
agricultural®, polymer®, bleaching” and industrial sectors®. The
propensity of en to coordinate with metals also makes it a versa-
tile reagent for the synthesis of inorganic materials through dis-
solution of metal salts or oxides, which can be engineered to pre-
cipitate in other crystalline forms. *-11

Ethylenediamine is prevailingly found to be bidentate. Mon-
odentate or bridging forms of en are extremely rare.!%13 How-
ever, many kinetic intermediate species in a variety of important
chemical processes have been proposed to contain complexes con-
taining monodentate and bridging en with trans conformations.
For instance, the ligand displacement reaction of a hexadentate
cobalt(Ill) complex from EDTA*~ and PDTA*~ by en was rate-
determined by the monodentate NH, coordination of the first en
group. 14 The isomerisation of the hydroxoammine complexes of
cobalt(III) was found to involve unimolecular dissociation on one
end of an en chelating ring.!®> A monodentate en complex was
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detected from the aquation of [trans-Cr(en),F,]", a low-lying o-
antibonding compound with important electron-transfer and pho-
tochemical characteristics. 1® During the en-based solvothermal
synthesis of magnetic chalcogenides KFeS, and KFe,S3, forma-
tion of Fe,S3 sheets connected by bridging en was suggested as
the first reaction intermediate. However, these prior studies on
monodentate en describe possible transient reaction intermedi-
ates, and the existence of monodentate en is only speculated upon
based on spectroscopic evidence of solution-phase species. Only
a few solid state compounds containing monodentate en have
been crystallographically confirmed recently. 17-20 But in these ex-
amples, protonated enH is the actual monodentate ligand, and
multiple ligands are involved in the metal coordination, so the
steric and electronic effects are not entirely comparable to the
case where en ligands are free to bond and dissociate.

In this paper, we report the crystallization and struc-
ture solution of (ethylenediamine-N)-bis(ethylenediamine-N,N’)-
copper(Il) bis(nitrate) for the first time (Fig. 1). It is a penta-
coordinated complex with two chelating and one monodentate en
ligands with severely trigonally distorted square pyramidal stere-
ochemistry. To the best of our knowledge, it is the first crystallo-
graphic confirmation for the existence of monodentate en when
no other chemical species are introduced as mixed ligands. Such
penta-coordination chemistry with en ligands has never been ob-
served with any metal centers. The non-coordinating amine of
this en is not protonated, and the N atom participates in hydro-
gen bonding to the amine H of a chelating en in the adjacent
complex. It is also the first crystallographically characterized Cu
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Fig. 1 Asymmetric unit of [Cu(en-N)(en-N,N’)2](NO3).. Anisotropic
displacement ellipsoids (except H) are drawn at the 50 % level. The
inset shows its chemical diagram. Cu(ll) is coordinated to two bidentate
en and one monodentate en in this structure.

ion coordinated to monodentate en. This unique coordination
chemistry might originate from the penta-ammine effect. How-
ever, the penta-ammine effect is usually realized with five NH3
ligands, or at least one mono-amine ligand is employed. 2! Here,
it is demonstrated that even with only the short bi-amine complex
en, penta-amine coordination is still possible. Spectroscopic char-
acterization of this compound supports the crystallographic as-
signment of square-pyramidal-based Cu(II)-tris(en) complex with
penta-coordination. The insights from the stereochemistry of this
complex are valuable to the analysis of reaction mechanisms and
kinetics involving en ligands for coordination chemistry.

2 Experimental

2.1 Preparation of [Cu(en-N)(en-N,N’)5]1(NOg3), single crys-
tals

A solution of 50 mM Cu(NOs3),-3H0 with 33.3 vol% ethylene-
diamine was prepared by dissolving 0.1812 g of Cu(NO3)5-3H50
in a mixture of 10 mL ethanol and 5 mL ethylenediamine. The
resulting solution (15 mL) was placed in a 23 mL capacity PTFE-
lined autoclave (Parr Instruments). The system was transferred
into a preheated oven at 130 °C for 24 h. A homogeneous blue
liquid was obtained after air-cooling the autoclave to room tem-
perature, which was then transferred into a closed polypropylene
centrifuge tube. Needle-shaped single crystals millimeters long in
length formed from the liquid over a resting period of 24-72 h
(Fig. 2).

Crystals of the same structure can be prepared without the
solvothermal heating step. However, significantly increased sin-
gle crystal precipitation rate and larger needles were observed
with the solvothermal treatment.

2| Journal Name, [year], [vol.],1—9

Fig. 2 Optical microscopy images of the blue needle-shaped
[Cu(en-N)(en-N,N’)>](NO3)» crystals.

2.2 Crystal structure determination of [Cu(en-N)(en-
N,N’)21(NO3)2

A suitable crystal was selected, chopped to proper length, and
mounted on a Bruker D8 Venture diffractometer equipped with a
Photon 100 detector using multilayer optics to monochromatize
Mo Ko radiation for single crystal diffraction. The crystal was
kept at 100 K during data collection. Using Olex222, the structure
was solved with the ShelXT23 using intrinsic phasing and refined
with the ShelXL2“ refinement package using least squares min-
imisation. Additional refinement details and metrical parameters
are provided in Table S1 in Supplementary Information.

2.3 Characterization

After precipitation of the crystals, inductively coupled plasma op-
tical emission spectroscopy (ICP-OES) was performed on the su-
pernatant liquid using the PerkinElmer Optima 8300 to determine
the Cu elemental concentration.

Heating or vacuum treatment will lead to structural changes
of the crystals. Therefore, the powder samples used in the fol-
lowing characterizations were isolated from the liquid, dried at
room temperature for solvent evaporation (sometimes with nitro-
gen gas flow) before performing the measurement. However, we
expect some solvent molecules remaining adsorbed onto the crys-
tals with such drying process (based on the mismatch of Cu ICP
result of supernatant liquid and mass result of the dried precip-
itates). Powder X-ray diffraction (XRD) patterns were recorded
on a Bruker D8 ADVANCE diffractometer equipped with Mo Ky
source and LYNXEYE XE detector. Each sample was compacted
inside a glass capillary and the diffraction was recorded in trans-
mission configuration. Magnetic susceptibilities were recorded
on a Quantum Design MPMS3 in the temperature range of 5-300
K under a magnetic field of 1000 Oe. The crystals were com-
pacted into a cylindrical disc before magnetic measurement. Ra-
man spectra were recorded using a Nanophoton Raman 11 con-
focal microscope with 532 nm laser excitation. Fourier transform
infrared (FTIR) spectra of the crystals were collected on a Thermo
Nicolet Nexus spectrometer in transmission mode. A 1 wt% sam-
ple pellet was made by mixing with KBr for FTIR measurement.

This journal is © The Royal Society of Chemistry [year]
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Diffuse reflectance ultraviolet-visible-near-infrared (UV-Vis-NIR)
spectroscopy measurements were performed on a Varian Cary5G
spectrometer. The sample crystals were placed on top of a BaSOy4
powder bed, with pure BaSO4 powder used as reflection standard.
The measured diffuse reflectance was converted to absorbance
using the Kubelka-Munk transform.

3 Results and discussion

3.1 Crystallography

Blue needle-shaped single crystals precipitated from 50 mM
Cu(NO3)y ethanolic solution with 33.3 vol% ethylenediamine
(en) days after solvothermal treatment (Fig. 2). The supernatant
liquid after the precipitation of crystals was examined by ICP-OES
to determine the Cu concentration. Based on the ICP-OES and
density measurement results, it was calculated that at most 26%
of the initial Cu elements was retained in the liquid. Therefore,
the precipitation yield was at least 74% for this synthesis process
in terms of Cu element.

Single crystal X-ray crystallography established monoclinic
space group P2;/c with lattice parameters a = 12.8262(5)A,
b = 9.7712(4)A, ¢ = 11.9065(5)A, and B = 94.8220(10)° at
100 K for the precipitated needles. The asymmetric unit con-
sists of one mononuclear Cu(Il) ion coordinated by three en
ligands and two symmetrically inequivalent noncoordinating ni-
trate counter anions (Fig. 1). This renders its chemical for-
mula of [Cu(en)3;](NO3),. Detailed atomic coordinates and
the anisotropic displacement parameters of the [Cu(en-N)(en-
N,N)2]1(NO3), crystal are provided in Table S2, S3, and S4 in
the Supplementary Information. Powder XRD patterns for the
precipitated crystals are provided in Fig. 3. As discussed in the
caption of Fig. 3, the pristine crystals show very good agreement
with the calculated powder XRD pattern based on its single crystal
structure solution, but with the presence of preferred orientation,
which is to be expected due to their needle shapes. Therefore, we
conclude that our precipitates have good single-phase purity.

The coordination geometry of our crystal, however, is differ-
ent from all copper tris(en) complex crystals known to date.
Previously reported crystals containing [Cu(en)s;]*t complexes
are ubiquitously 6-coordinated with three chelating en ligands.
For our crystal, the three en ligands coordinate differently: two
en ligands are bidentate (chelating) as commonly found, but
the third en ligand is monodentate, making this copper tris(en)
complex 5-coordinated. Therefore, the proper name for this
compound should be (ethylenediamine-N)-bis(ethylenediamine-
N,N")-copper(Il) bis(nitrate), with chemical formula of [Cu(en-
N)(en-N,N)5]1(NOg3), to precisely reflect the uniqueness of this
coordination structure.

This [Cu(en-N)(en-N,N"),1%% is penta-coordinated with dis-
torted square pyramidal coordination geometry, with the chelat-
ing en donors at the four in-plane sites and the monodentate en
donor at the apical site. Complete information on bond length
and bond angles for [Cu(en-N)(en-N,N"),](NO3)5 is listed in Ta-
bles S5, S6, and S7 in the Supplementary Information.

Bonds between Cu(Il) and the N donors in the two chelating
en have an average distance of 2.04 A. Chelating en can bond

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Powder XRD pattern taken by compressing the dried
precipitate crystals directly into a glass capillary. (b) Powder XRD
pattern taken by first grinding the dried precipitates before packing into
the capillary. (c) Theoretical powder XRD pattern of
[Cu(en-N)(en-N,N’)»](NO3)» from Rietveld refinement on pattern (b). (d)
The difference curve between (b) and (c). The ground sample (b) has
no texture as compared to the needle-shaped crystals (a), which is
preferred for Rietveld analysis (c). The major misfit peaks seen in (d)
are not present in (a), so these misfit peaks are likely a consequence of
grinding. Therefore, the pristine crystals are expected to be almost pure
[Cu(en-N)(en-N,N’)>](NO3)>.

to central metal ions to form a five-membered puckered ring,
with two possible enantiomeric conformations: A and 8.1 Our
[Cu(en-N)(en-N,N")5](NO3), is a racemate compound, with an
equal mixture of AA and 66 stereochemical forms.

The apical Cu(II)-N bond to the monodentate en has a longer
bond distance of 2.21 A. This disparity in bond distances is
largely a consequence of the structural distortion originating from
the 3d° electronic configuration of Cu(II) (commonly present in
penta-coordinated Cu complexes). This has similar underlying
principle as the Jahn-Teller distortion in octahedrally coordinated
structures with axial elongation.25 This complex, therefore, is
more accurately depicted as having "4+1" coordination, with a
tetragonality 7> of 0.923.1,26

The square pyramidal geometry of [Cu(en-N) (en-N,N")5 12+ is
significantly trigonally distorted. One pair of the trans in-plane
ligand donors bends away from the apical bonds (£ N(1)-Cu(1)-
N(3) = 105.7°), whereas the other pair of trans in-plane donors
remains relatively straight (£ N(2)-Cu(1)-N(4) = 175.5°). The
geometry index 75 can be used to describe such in-plane angular
distortion.2” The t5 value for [Cu(en-N)(en-N,N")5]12* is calcu-
lated to be 0.464, almost at the midpoint between perfect square
pyramid (75=0) and trigonal bipyramid (z5=1).

When trying to view the structure as trigonal bipyramid, the
two axial bonds have the shortest distances, with each chelating
en contributing one N donor (N(2) and N(4)). The Cu-N bond
for monodentate en is longer that the other two equatorial bonds,

Journal Name, [year], [vol., 1-9 |3
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which is a common consequence of distortion from perfect trigo-
nal bipyramid.

The full list of hydrogen bonding for [Cu(en-N)(en-
N,N)2]1(NOs3), is provided in Table S8 in the Supplementary In-
formation, which is visualized in Fig. 4 for a single asymmetric
unit. Most of the hydrogen bonding interactions are between
hydrogens in [Cu(en-N) (en-N,N")512* and oxygens in (NO3)~.
The only exception is the dotted green lines in Fig. 4 that con-
nects adjacent [Cu(en-N) (en-N,N")5]2+ complexes along the b-
axis and involves the non-coordinating N(6) as the acceptor. This
hydrogen bond is relatively short and straight. Its H-A distance
is 2.204 /o\, one of the shortest H-bonds in this structure, and its
D-H-A angle is 164.0°. In fact, for the monodentate en, the co-
ordination bond length (N donor to Cu: 2.21 A) is almost the
same as the hydrogen bond length (N acceptor to H: 2.20 A).
Therefore, this hydrogen bonding with N(6) is expected to have
decent strength, which could weaken the Lewis basicity of N(6)
and stabilize the monodentate en ligand.

3.2 Structural comparison with other complexes

A penta-coordinated tris(ethylenediamine) complex as seen in
our [Cu(en-N)(en-N,N")5](NO3), has never been crystallograph-
ically confirmed before. In the absence of an overriding factor, a
complex containing chelating five-membered metallocyclic rings
is expected when en or N,N-substituted en derivatives are em-
ployed as ligands.28 Bridging and monodentate forms of en are
extremely rare. The early postulations of their existence mainly
came from spectroscopic inference on liquid solutions of com-
plexes, and are thus less reliable.12:13:29:30 Only very recently
have a handful of monodentate and bridging en compounds been
confirmed crystallographically. 17-1°

[Cu(en-N)(en-N,N)5](NO3), differs from the other
monodentate-en ligand compounds in three key aspects. First, no
ligands other than en are present, whereas mixed-ligands donors
are introduced in other examples to compete for chelating en
ring formation through steric and electronic effects. Second,
our [Cu(en-N)(en-N,N)5]%* has a coordination number of 5,
whereas all other examples have coordination number 6. Third,
the monodentate en ligand in [Cu(en-N)(en-N,N"),](NO3), is
neutral, whereas in other structures mono-protonation occurs on
the non-coordinating N of the monodentate en ligand.

Crystals with Cu(II) centers have never been reported with
monodentate en, although an abundance of crystals containing
Cu(ID)-bis(en) and Cu(ID)-tris(en) have been studied.3!-38 Our
compound differs from the other 5-coordinated [Cu(en),X]**
complexes in two key aspects. First, the basal plane in our
[Cu(en-N)(en-N,N)51%* has severe trigonal distortion whereas
the others are fairly flat. Second, the apical coordination bond in
[Cu(en-N)(en-N,N")51%* is not semi-coordinating as in the others
with >2.5A bond lengths.3? As a reference, for elongated octa-
hedral [Cu(en);]?*, the axial Cu-N lengths are mostly within the
range of 2.3-2.4 A. The mean apical Cu-N distance for a mon-
odentate ligand, with the inclusion of all ligands besides en, is
2.263 A in 4+1 coordinated complexes.*? Our Cu-N distance
(2.21 A) is even smaller than the above values, which confirms

4| Journal Name, [year], [vol.],1—9

that this monodentate en is indeed strongly coordinating.

The two chelating rings adopting the racemate AA and 66 con-
formation (as in [Cu(en-N)(en-N,N")5](NO3),) is very rare. Al-
though a few exceptions exist, %*1 most Cu-bis(en) complexes
adopt the 64 form. In the solution phase, AA (or §J) arrange-
ment is estimated to be more stable (4 kJ mol~!) than 61 due
to the -NH, protons having staggered configuration rather than
eclipsed. But in the solid state, A dominates due to crystal pack-
ing forces, 1:31-34,

Perhaps the nearest comparable stereochemistry to [Cu(en-
N)(en-N,N")5]%% is the penta-ammine-Cu(Il) complex as found
in K[Cu(NH3)5](PFg)3.2! In general, five-coordination of Cu(II)
is hard to realize without mixed-ligands or m-bonding donors
so as to introduce the possibility of bond-length and bond-
angle distortion. However, NH3 are known to exhibit a strong
tendency to form CuNs chromophores with only o-bonding, a
phenomenon termed the penta-ammine effect. However, these
penta-amine complexes typically uses ammine ligands, some-
times in combination with tetradentate / bidentate amine (such
as [Cu(tren)(NH3)](ClO4), and [Cu(en),(NH;3)](BF4),.21 The
use of ammine has been required to form the fifth coordination
site on top of the characteristic 4 coordination of Cu(II).*3 It is
unprecedented to achieve the penta-ammine effect with only one
type of ligand that is fundamentally bidentate as is the case in our
[Cu(en-N)(en-N,N"),1%+.

The extent of trigonal distortion (3 = 0.464) in [Cu(en-
N)(en-N,N")5]%* is also unforeseen in other 4+1 coordinated
[Cu(en),X]2" (X = other monodentate ligands) or [Cu(NH3)s]**
complexes where nearly regular square pyramids are univer-
sally adopted. Although it has comparable basal and apical
Cu-N distances with our [Cu(en-N) (en-N,N")51%%, penta-ammine
K[Cu(NH3)5]1(PF); only has 75=0.022.

The formation of this unique [Cu(en-N)(en-N,N’),](NO3)5 can
be examined as an intermediate between known complexes. The
previously known Cu(II)-en complex with nitrate counterions is
[Cu(en-N,N")>]1(NO3),.31 We synthesized this compound pure
when < 10 vol% en is employed. Our structure is a tris(en) com-
plex, and with certain counter-anions (e.g. acetate, oxalate, chlo-
ride, sulfate), crystalline [Cu(en-N,N")3]>* forms when the en to
Cu(II) ratio is in excess of 3:1 in an aqueous environment. 35,36,44
However, no [Cu(en-N,N)3]2>* has been reported in the solid
state with nitrate. Our preliminary tests show that excess en pro-
hibits crystallization. No crystalline precipitation will occur if en
is > 75 vol%. In this state, Cu(II) ions are expected to be present
in the solution phase as [Cu(en-N,N)3]%*, but crystallization of
their solid state equivalence with nitrate anions is forbidden for
some reasons unclear.

The ideal en concentration for crystalline [Cu(en-N)(en-
N,N)5]1(NO3), formation should be larger than required for
[Cu(en-N,N"),]1(NO3),, but not in excess to fully stabilize solution
[Cu(en-N,N");]%*. Within this range, the Cu-complexes in solu-
tion are speculated to be square-planar [Cu(en-N,N"),]%*, with
some en ligands in solution available to contribute to further co-
ordination.*> The existence of a stable 5-coordinated Cu com-
plex with tris(en) ligands in solution, as is found in our solid
state example, is highly unlikely due to the incompatibility of

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Hydrogen bonding in [Cu(en-N)(en-N,N")»](NO3), crystal. Hydrogen bonds between [Cu(en-N)(en-N,N"),]?* and nitrate are shown with dotted
red lines. The hydrogen bonds between N(6) (i.e. the non-coordinating en N) and H(3A) in adjacent [Cu(en-N)(en-N,N’)»]3* complexes along b-axis

are highlighted as thickened green dotted lines.

fast exchange dynamics in the liquid phase with the extreme
structural distortion caused by such stereochemistry. We postu-
late that Cu(II) was initially present in the solution as [Cu(en-
N,N),1%*, and during its condensation into solid state phase,
the additional free en ligands participated in coordination by
forming a fifth monodentate bond, achieving the penta-amine
analog. This hypothesis is supported by the 66 and AA ring
conformations in [Cu(en-N) (en-N,N”)5]%*, which are uncommon
in solid state, but are more stable in the solution phase. The
non-coordinating N in the monodentate en is partially stabilized
through H-bonding, as demonstrated in Fig. 4. In the end, an
equilibrium between [Cu(en-N,N"),]** in solution and [Cu(en-
N) (en-N,N"),1%* in solid state is achieved. This is in agreement of
our observation that the liquid phase after precipitation remained
blue, and the existence of significant amount of Cu in liquid from
ICP-OES.

With insufficient en (e.g. 10 vol% en), we found that the liquid
changed from blue to colorless after precipitation, and we con-
firmed the violet-colored precipitates to be pure [Cu(en),;]1(NO3),
powder through XRD. On the other extreme, when excess en was
used (> 75 vol% en), no precipitates can be found. A schematic
for this proposed formation of [Cu(en-N)(en-N,N),](NO3), is
shown in Fig. 5.

In our example synthesis using 50 mM Cu(NO3) with 33 vol%
en, the en to Cu molar ratio was 100:1, far in excess of the 2:1
to 3:1 range we postulated. The addition of ethanol has been
shown to induce crystallization of amine-based coordination com-
pounds. 46 Therefore, the presence of ethanol might have an ef-
fect on reducing the effective number of en as ligands.

3.3 Spectroscopy and magnetism

Raman spectra of [Cu(en-N)(en-N,N");](NO3), crystal and pure
liquid en are shown in Fig. 6. Modes of en have been assigned by
Krishnan and Plane based on their study of en in water and heavy
water.*> Compared with their results, peaks in our en Raman
spectrum are slightly shifted, probably due to the exclusion of wa-

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Proposed formation scheme of [Cu(en-N)(en-N,N")2](NO3)»
crystals. With insufficient en (< 10 vol% en), only [Cu(en);](NOs),
precipitates. (a) In the ideal condition of 33 vol% en and 67 vol%
ethanol, Cu(ll) ions are first coordinated with two chelating en ligands,
with some free en ligands in the solution. Over time, the fifth
coordination bond forms between some [Cu(en),]** and the free en,
resulting in the precipitation of [Cu(en-N)(en-N,N’)2](NO3). crystals. (b)
When there is excess en in the liquid (> 75 vol% en), stable octahedral
[Cu(en)s]>* will form in solution, preventing the crystallization of
[Cu(en-N)(en-N,N’)2](NO3)>. Cu(NO3)» concentration is fixed at 50 mM
pertaining to the above discussion.
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¢ enNH,/CH,

e NO,

Intensity (arb. units)

500 1000 1500
Wavenumber (cm™)

2000

Fig. 6 Raman spectra of (a) [Cu(en-N)(en-N,N’)2](NO3), crystal and (b)
liquid en. The Raman spectrum of [Cu(en-N)(en-N,N’)>](NO3), contain
peaks corresponding to NO3~, en (wavenumber shifted compared to
liquid en), and the Cu-tris(en) penta-coordination.

ter, but the overall pattern is consistent. Therefore, the following
Raman-active vibration modes are suggested in Fig. 6(b): skele-
tal bending at 494 cm™~!, stretching at 858 cm~!; C-N stretch-
ing at 1100 cm~! and 1020 cm~' (shoulder peak); CH, twist-
ing at 1328 cm~!, bending at 1474 cm~'; and NH, twisting at
958 cm™~!, wagging at 1379 cm~!, and bending at 1620 cm~!.
The Raman spectrum of the [Cu(en-N)(en-N,N")5](NO3), com-
plex seen in Fig. 6(a) has the modes originating from en shifted,
which is to be expected due to en coordinating to metal ions.*
As indicated in Fig. 6, the extent of peak shifts, however, are dif-
ferent depending on the vibrating atoms. Modes of CH, (twist-
ing at 1317 cm~!, bending at 1480 cm~') and NH, (wagging at
1396 ecm™~!, bending at 1614 cm™!) are observed with minimal
shifts, whereas those corresponding to the en skeleton (bend-
ing at 541 cm™!, stretching at 903 cm~', C-N stretching at
1132 cm™!) have appreciable positive shifts. This can be appre-
ciated considering that liquid en can freely transform between
its trans and gauche(A,B) conformations’, but once within the
solid state complex, this freedom disappears and the molecule is
markedly stiffer. The freedom of CH, and NH, vibrations, on the
other hand, is not severely restricted by complex formation. Cas-
tro and Jagodzinski isolated three fundamental Raman peaks of
NO3~ with cation-insensitive positions.*® All these three nitrate
Raman modes are present in [Cu(en-N)(en-N,N")5](NO3),, with
very narrow peaks at 726, 1059, and 1346 cm™!.

Low energy vibrations (less than 500 cm~!) are generally asso-
ciated with metal-donor coordinations. Five such strong Raman
peaks can be easily identified for [Cu(en-N) (en-N,N")5](NO3)5 in
Fig. 6(a) at 245, 271, 339, 456, and 479 cm~!. Generally, lower
wavenumber modes are assigned to metal-nitrogen bending and
higher wavenumber modes to metal-nitrogen stretching. %> Criti-
cally, M—N stretching at ca. 420 cm~! has been consistently ob-
served in the tris(en) complexes of different metal ions, which

6| Journal Name, [year], [vol.],1—9

is not the case for [Cu(en-N)(en-N,N)5](NO3),. This agrees
with our crystallographic analysis that our tris(en) complex is 5-
coordinated rather than the usual octahedral geometry for other
compounds. The M-N stretching mode for known bis(en) com-
plexes with two chelating rings appear at 450 cm™!, which is
close to the ones in [Cu(en-N) (en-N,N")5]1(NO3)5, consistent with
this structure also having two chelating rings. Usually, only two
major Raman peaks can be located within this wavenumber re-
gion for metal-en coordination, but five are identified here. This
may be attributed to unique 5-coordination, making the Cu(II)
center lack point symmetry. Although more precise assignment
of the Raman modes for [Cu(en-N)(en-N,N")5](NO3), was not
made, Fig. 6 foretells which Raman spectral features can be ex-
pected from species having similar stereochemistry.

Fourier-transform infra-red (FTIR) spectrum of [Cu(en-N)(en-
N,N)5]1(NO3), is shown in Fig. S1 in the Supplementary Infor-
mation. As is labeled in Fig. S1, it shows peaks arising from en
ligands, superimposed with very strong peaks due to the pres-
ence of nitrate ions. The wavenumber and relative strength of
these peaks agree well with other reports on en-containing com-
plexes#>49-51 " and nitrate anion systems“8. This is consistent
with our discussion on its Raman spectrum that vibration modes
within such high wavenumber region originate from NO3;~, CH,
and NH, groups, and that such vibration modes are insensitive to
the exact coordination stereochemistry. Some overlapping peaks
between Fig. 6(a) and Fig. S1 can be identified that are both Ra-
man and infrared active. Detailed assignment for the FTIR peaks
are provided in Table S9 in the Supplementary Information.

The UV-Vis-NIR spectrum of [Cu(en-N)(en-N,N")5,](NO3), is
presented in Fig. 7. It has a broad visible light absorption peaked
atca. 555 nm and extends to the NIR region. The absorption max-
imum correlates with the first coordination sphere in the com-
plex.52 The 555 nm absorption maximum for our 5-coordinated
[Cu(en-N)(en-N,N")5](NO3), is in between the 514 nm seen in
[Cu(en),]1*" and 609 nm in [Cu(en)s]*t.5253 A second smaller
peak maximum in the NIR at 914 nm can be identified for [Cu(en-
N)(en-N,N)5]1(NO3), as well. This Vis-NIR spectrum agrees with
the one observed in the square-pyramidal penta-ammine com-
pound K[Cu(NH3)5][PF¢l3, which has a primary peak maximum
at 654 nm and a secondary one at 909 nm.2! Based on molecular-
orbital analysis using extended-Hiickel calculations, Duggan et al.
showed that for square-pyramidal [Cu(NH3)5]?*, the primary vis-
ible absorption was due to d,;,d,; — d,2_,» transitions, the sec-
ondary NIR absorption was due to d» — >dx27y2 transitions, and
there was a weak band due to dy, — d,2 _y at714nm which could
be resolved from the primary peak with Gaussian analysis. 21,54
The same electronic transition assignment can be adopted for
[Cu(en-N)(en-N,N)5](NO3)y (Fig. 7) due to the close resem-
blance in Vis-NIR spectra and stereochemistry. However, Cu(II) in
[Cu(NH;3)5]%* exhibits Cy, symmetry, whereas the Cu in [Cu(en-
N)(en-N,N"),1%2* isata general C; position. Therefore the degen-
eracy between d,; and d, is expected to be lifted for our complex.
Nevertheless, the energy separation between these two levels is
small, with no readily-observable features (Fig. 7). Discussions
on Cu(Il) electronic levels based on crystal field theory are more
prevalent, 43-55:56 but are less applicable due to the lack of sym-
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Fig. 7 UV-Vis-NIR spectrum of [Cu(en-N)(en-N,N’)2](NO3), crystals.
The strong visible absorption peak at 555 nm with the NIR shoulder at
914 nm is consistent with square-pyramidal-based Cu-amine
coordination.

metry in our complex.

The magnetic susceptibility measurement of [Cu(en-N)(en-
N,N)5]1(NO3)5 is shown in Fig. 8. It showed paramagnetic behav-
ior at all measured temperatures which follows Curie’s Law. The
perfect overlap between zero-field-cooled and field-cooled curves
demonstrates no remnant magnetization in this compound. Para-
magnetism is expected in this structure since the magnetic Cu(II)
ions are far from each other (closest Cu—Cu distance is 6.83 A).

Based on the Curie constant derived from linear regression of
the data over the temperature range of 5-200 K, the effective
moment for the magnetic center was calculated to be 1.64 Bohr
magnetron (ug). Because of expected solvent molecules being ad-
sorbed onto the crystal, the measured sample mass should be an
overestimate. Therefore the calculated 1.64 up is a low bound for
the effective moment per Cu(Il) center, consistent with the theo-
retical effective moment of 1.73 up for a pure spin-1/2 system.

4 Conclusions

A new coordination crystal [Cu(en-N)(en-N,N")5](NOs3), is pre-
sented. Its Cu(Il) ions are penta-coordinated to two chelating
and one monodentate en ligands. The coordination structure of
this crystal is particularly unique in the following ways. (1) It
is the first crystal with penta-coordination containing monoden-
tate en using exclusively en ligands. (2) It is the first crystal with
Cu coordinated to a monodentate en ligand. (3) It has severe
trigonal distortion to the basal square pyramidal stereochemistry.
(4) It is an uncommon racemate Cu crystal with §6 (and A1) en
chelate ring conformations. (5) Its non-coordinating en amine
N is not protonated but H-bonded to chelating amine H atom in
the adjacent complex. (6) It realizes the penta-ammine effect
with only bi-amine ligands. The unique coordination chemistry
of [Cu(en-N)(en-N,N")2](NO3)5 is corroborated by spectroscopic
analysis. Magnetic susceptibility indicates that it is a S=1/2 para-

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 (a) Temperature dependence of the magnetic susceptibility of
[Cu(en-N)(en-N,N’)2](NO3). crystals under zero-field cooling and field
cooling, which overlap each other. (b) Fitting of the zero-field cooling
data to Curie’s Law over the temperature range of 5-200 K. This crystal
is a paramagnet, with an estimate of 1.64 g effective moment per
Cu(ll).
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magnet. We speculate that the formation of this complex crystal
occurs when the effective en concentration is too high to permit
[Cu(en),]1** crystal formation but too low to stabilize octahedral
[Cu(en)3]?* in solution.
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