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Synthesis and characterization of new copper(ll) com-
plexes are important to develop models for copper proteins
and to understand the factors affecting the distortions from
regular coordination geometry observed in various cop-
per{11} complexes.'? The coordination geometry of most
five-coordinate copper(ll} complexes ranges between trigo-
nal bipyramidal (TBP) and square-pyramidal (SI?) struc-
tures, but copper(ll) complexes with regular TBP or SI
geometry are not common.''? [t has been also observed that
copper{ll) complexes with SP geometry are more common
than those with TBP one.' For example, the five coordinate
complexes [Cu(3)]*' and [Cu(4)]*' have somewhat distorted
SP coordination geometry in the solid state.>*!! In the case
of [Cu(4)]?", the coordination geometry shifts toward TBP in
various solvents.* Until now, the factors affecting such
behaviors are not clearly understood.Although many fiveco-
ordinate copper(ll) complexes have been prepared, those
with pentadentate ligands are relatively few.'
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We prepared a new unsaturated copper(ll) complex
[Cu()CIOy): (2 — 5,5,7-trimethyl-1,4,8,11, 14-pentaazatet-
radec-7-ene) from the metal template condensation of |.4,7-
triazaheptane (dien) and 7-amino-4 4-dimethyl-5-azahaptan-
2-one (1) to investigate the etfects of the ligand structure on
the coordination geometry of the complex and its geometri-
cally change in solutions.Interestingly, it was found that the
coordination geometry of the complex is a distorted TBP in
the solid state but shifts toward SP in various solvents, in

contrast to the cases for [Cu(3)]*' and [Cu(4)]?'. Preparation,
crystal structure, and properties of [Cu(2)](ClO,): are
reported.

Experimental

Measurements. Infrared spectra were recorded with a
Shimadzu 1R-440 spectrophotometer, electronic absorption
spectra with a Shimadzu UV-160 spectrophotometer, and
conductance measurements with a Metrohm Herisau Con-
ductometer E518. Elemental analyses and FAB mass spec-
tral analysis were performed at the Korea Basic Science
Institute, Seoul, Korea.

Preparation. Safety Note: Perchlorate salts of transition
metal complexes with organic ligands are often explosive
and should be handled with caution.

|H21[(ClO4)2.  The procedure for preparation of this
compound was adapted from a literature method."> The
white solid [Hzen](C104): {(H>en = diprotonated form of eth-
vlenediamine) was prepared by the addition of 60% perchlo-
ric acid (33 mL. 0.15 mol) to a cold methanol (ca. 20 mL)
solution of en (5.0 mL. 0.7 mol). An acetone suspension (ca.
30 mL) of [H2en](Cl04): (5.0 g} was stirred for 3hr at room
temperature. The reactant slowly went into the solution, and
then new white solid was precipitated. ‘The product was fil-
tered, washed with cold acetone, and dried in air. Yield:
»80% based on [Hzen](ClO4):. Anal. Calcd for
CysHzoN:Cl:00: C, 26.75; H, 5.61; N, 7.84. Found: C, 26.66;
H, 5.11; N. 8.10%. IR (Nujol mull, cm "): 3360 (VN-H).
3250 (vN-H), 3020 (¥N-H), 1695 {(vC—0O), and 1600
{(ONH.).

[Cu(2)[(ClOy);. To a warm methanol solution (50 mL)
of Cu(OAc): - 4H-0 (1.2 g. 5.5 mmol} and [H:1](C10O4)2 (2.0
2. 5.5 mmol) was added a methanol solution (ca. 10 mL) of
dien (0.6 mL. 5.5 mol) during the period of 30 min. The
mixture was stirred for ca. 20 h at room temperature and
then an excess of NaClOyH-0O was added to produce blue
solids. The product was filtered, washed with cold methanol,
and dried in air. The crude product contains a considerable
amount (~50%) of copper(I[} complex with dien as a by-
product. The solubility of [Cu(2)](ClO;): in methanol is con-
siderably higher than that of the by-product.The pure prod-
uct was obtained by fractional recrystallizations of the crude
product from hot water and then hot methanol. Yield: -30%.
Anal. Caled for Ci2HaoNsCuCl,Oy: C, 28.49; H, 5.77; N,
13.84. Found: C. 28.12; H. 5.57: N. 13.48%. FAB Mass (#1/
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2): 405 (IM-CIO4|") and 306 ((M-2C1Os+-H[). IR (Nujol
mull. om '): 3360 (N-H). 3330 (yN-H). 3270 (vN-H). 3250
(vN-H). 3230 (vN-H). 1670 (vC=N). and 1600 (NH.).

[Cu(H2)|(C10y);. The blue complex |Cu(2)|(ClO)-
(1.3 g. 3.0 mmol) was dissohed in minimum volume of
warm watcer. A methanol solution of 1.0 M HC1O4 (3.0 mL.
3.0 mmol) and an excess of NaClOy - H:O were added to the
bluc solution. The resulting purple solution was cvaporated
1o dryness. and then methanol (cer. 10 mL) was added to the
residuc. The red solid was isolated by filiration, washed with
cold methanol. and dricd in air. Yicld: ~30%. Anal. Caled for
C)2HwNsCuCl:Oy-: C. 23.80: H. 5.01: N, 11.38. Found: C.
23.95:H.490. N. 11.47%. IR (Nyjol mull, cm ); 3320 (VN-
H). 3290 (¥N-H). 3220 (¥N-H). 3130 (¥N-H). 1680 (vC=N).
and 1600 (SNH-).

Crystal Structure Analysis. A single crystal in a scaled
thin walled glass capillary was mounted on an Enraf-Nonius
CAD4 diffractometer.Unit cell parameters and orientation
matrix were obtained by Icast-squares refinement using 23
reflections in the range of 100 < @<13°. A summary of the
crvstal and structure relfinement data is tabulated in Table 1.
Mo K, radiation (1 = 0.71073 A) was uscd flor data collcc-
tion using @20 scan mode. Two standard rellections (-2 -3
-3. -2 -4 -6) were menitored every one hour during data col-
lection. The intensity data were correcled for Lorentz and
polarization cliccts. and decay (less than 0.2%). An cmpiri-
cal absorplion corrcction bascd on scans was applicd Lo the

Table 1. Crystal data and structure refinement for [Cu(2))(C1O04 )

Formula C 1zHzoC1:CuN:O%
Fw 50384

T.K 293(2)
Wavelength, A 0.71073

Crvstal size;um (.50 x 040 x (0.33
Crvstal svstem Monoclinie,
Space group P2\/c

a. A 7.8709(6)

b A 17.3934(8)

e A 13.1093(7)

. deg 91.950(3)

A 2067.3(2)

7 4

Do pem? 1.63(1})

.emt 13.6

F{000) 1032

range, dee 1.79- 2346

Index ranges

Retlections collected / umique
Refinement method

Data / restramts / parameters

Goodness-of-fit on 72

Fimal R mdices [/>2c(N)¢ R=00323, wR=0.1316
R mdices (all data)@ R =0.0663, wR=1(.1398
Largest diff. peak and hole, eA 3 ).743 and -(0.723

“He=h=w=9, O=k<=21, (<=l<=18§
4134 /3421 [Riint) = 0.0108]
Full-matrix least-squares on /2
3421707268

1.079

“R — Z|Fa-F| ZF). wR = |Zw {|FJ-|F|F ZwF " where w -1
[6XFy + (D099 X P Yy + 310 x Pl m which P~ [Max ( F2L 0 ) +
2x )43

Notes

data (correction cocfFicicnts, 0.9704 (o 0.9997).12

The structure was determined by dircct methods with the
SHELXS-97 program."* Subscquent Fourier  syntheses
viclded the remaining non-H atoms. Full-matrix rclincment
on F* was carried out with SHELXL-97 program'® using
anisotropic thermal parameters for non-H atoms except the
disordered C(1) and C(2) atoms which were relined isotropi-
cally with occupancics at (0. 3s. All hydrogen atoms were cal-
culated geometrically using a riding model [rom the attached
carbon atoms cxeept hvdrogen atoms on nitrogen atoms that
were refined isotropically. No parameter shifted more than
0.01% of 1ts cstimated standard deviation during the last
lcast-squarcs refincment.

Results and Discussion

Synthesis.  The salt [H21](ClO4): can be obtained in high
vicld by the reaction of [enH:[(ClOs): with acctone. The
rcaction (Eq. (1)) of copper(1l) ion. dien. and [H-1](ClOy) at
room (cmperature produces the bluc complex [Cu(2))
(ClOy)..

Cu* + H-N(CH-)-NH(CH:)-NH- + [H-1](CIOs)-

— [Cu@)|(CIO)= (1) ()
The red complex [Cu(H2)](ClOy)s. in which one primary
amino group of the ligand is protonated, was prepared by
addition of a molar equivalent of HCIO; to an aqueous solu-
tion of [Cu(2)](ClOs)-. The protonation reaction is revers-
ible. and it is possible to generate the blue solid of
[Cu(2)](C104)~ by addition of NaOH to the solution of
[Cu(H2)](C104);. The complexes are quite stable in the solid
states. The values of molar conductance of [Cu(2)|(ClOy)>
measured in water (230 (2-'mol-'cm?) and acetonitrile (243
{'mol-'cm?) indicate that the complex is a [ : 2 electro-
Iyte.In the case of [Cu(H2)]|(ClO,)s. the values measured in
water (410 'mol-lcm?) and acetonitrile (430 'mol-!
cm-?) are corresponding to a 1 : 3 electrolvte. Infrared spectra
of the copper(Il) complexes show VN-H of the secondary
and primary amino groups at 3130-3360 cii~!. together with
&NH-) at 1600 cm!. The band for C=N was also observed
at ¢a. 1670 cm!. The FAB mass spectrum of [Cu(2)](C1Os)-
shows two peaks corresponding to the fragments [M-ClO4]'
and [M-2ClOs-H]' at m z 403 and 306, respectively. The
structure of [Cu(2)](ClO4)- was confirmed by its cryvstal
structure.

Description of the Crystal Structure. ORTEX drawing!¢
of the complex cation [Cu(2)]*' with atomic nunbering is
shown in Figure 1. The coordination geometry about the
central copper atom is best described as distorted TBP: the
two primary amino groups and the iniino group of the ligand
form the equatorial plane. and the two secondary amino
groups of the ligand occupy the axial positions. (see below).

The C($))-N(3) bond distance (1.271(6) A). together with
the angles about these atoms. is corresponding to the C=N
double bond. The five Cu-N bond distances range from
2.009(3) to 2.146(3) A. Although the Cu-N(3) distance is
somewhat longer than the other four Cu-N distances. the
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Figure I.ORTEX drawing of [Cu)J® in [Cu)J(C104):.

distances are in the normal range for Cu-N distances of
copper{ll) complexes with TBP coordination geometry. The
N-Cu-N angles of the trigonal plane ((N(I)-Cu-N(3)),
136.3(2)°: N(1)-Cu-N(5), 1042(2): N(3)-Cu-N(5), 118.6
(2)°y are somewhat deviated from ideal trigonal angle. How-
ever, the N(2)-Cu-N(4) angle (177.5(2)°) is close to that of
regular TBP geometry. The other N-Cu-N angles range from
83.1(2) to 99.2(2)°. The axial Cu-N(2) and Cu-N{4) dis-
tances are somewhat shorter than the equatorial Cu-N dis-
tances, typical of copper(Il} complexes with TBP
coordination geometry.'->'" The copper atom lies at 0.113(3)
A out of the N(1)-N{(3)-N(5) plane.

In a five-coordinated copper(I[} complex in which one Cu-
N bond distance is longer than the others. a method for quan-
titative description of the degree of geometrical distortion
has been developed.*'7 According 1o the method, the longer
Cu-N bond is assumed as the apical bond in a SP structure,
and the percentage trigonal distortion [rom square-pyrami-
dal geometry is defined as T — [(8-m)/%60] x 100, where €
and marc two basal angles: zis 100 [or an ideal TBP but is 0
for an idcal SP geometry. In the case of [Cu(2)]*, the 8 and

Table 2. Sclected Bond Distances [A] and angles [deg] for
[Cul 21O

Cu-N(1) 2.086(4) Cu-N(2) 2.009(5)
Cu-N(3) 2.018(4) Cu-N(d) 2.015(4)
Cu-N(5) 2.146(5) N(3)-C(4) [.476(6)
N(3)-C(5) 1.271(6)

N(1)-Cu-N(2) 83.1(2) N(D-Cu-N(3) 136.3(2)
N(1)-Cu-N(4) 99.2(2) N(D-Cu-N(5) 104.2(2)
N(2)-Cu-N{3) 83.8(2) N(2)-Cu-N(4) 177.5(2)
N(2)-Cu-N¢5) 96.2(2) NG-Cu-NE) 93.92)
N(3)-Cu-N¢5) 118.6(2) N(4)-Cu-N(5) 8412
N(3)-C(3)-C(6) 120.9(4) N3)-CBRC0)  124.2(5)
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7 values are 177.5(2) (N(2)-Cu-N(4)) and 136.3(2) (N(1)-
Cu-N(3)). respectively. The 7 value for the complex is calcu-
lated as ca. 69%.This and above crystallographic results
strongly indicate that the coordination geometry of [Cu{2)]*
is close to TBP. The coordination geometry is quite different
from those of the unsaturated complexes [Cu(3)]*" and
[Cu(4)]*' .3 indicating that the geometry of a five-coordinate
copper(1l) complex is strongly affected by the ligand struc-
ture.

Electronic Absorption Spectra and Solution Behaviors.
It has been widely observed that regular and distorted SP
copper({ll) complexes have an absorption band in the region
550-670 nm, whereas TBP complexes exhibit a maximum
absorption at > 670 nm.*%1%18.1* The spectrum (Table 3) of
[Cu)(ClOy4)> measured as Nujol mull shows a band cen-
tered at 690 nm which is ca. 80 nm longer than that for the
distorted SP complex [Cu(4)[{C1Oy)2.* This result corre-
sponds to the crystallographic result that the complex has a
distorted TBP structure in the solid state. [nterestingly, the
wavelength (610-620 nm) of the band for [Cu(2)](ClO4):
measured in MeNQs, MeCN, or H>O is > 70 nm shorter than
that in Nujol mull. The wavelength is even shorter than that
for the square-pyramidal complex [Cu(4}](CIlOy4)> measured
in MeNQO:; or MeCN, in contrast to the case in Nujol mull.
This strongly indicates that in the solutions the coordination
polvhedron of [Cu(2)[(ClO,); shifts toward SP geometry.
Present result is in contrast to the reported result that the
geometry of [Cu(4)](ClOy): shifts toward the TBP in solu-
tions; in the case of [Cu(4)](ClO,)2. the wavelength of the
band in MeCN or H»O is ca. 40 nm longer than that in Nujol
mull (Table 3).* The reasons for such geometrical change in
the solutions are not clearly understood at this time. How-
ever, solvation of the complex may be correlated with the
geometrical change. The spectrum of [Cu(H2)](C1O4)z mea-
sured in Nujol mull or MeNO> shows a d-d band at 520 or
515 nm, respectively, and is comparable with those of
square-planar copper(l[} complexes of 5 and other related
tetradentate ligands,'**? indicating that the protonated com-

Table 3. Llcctronic Absorption Spectral Data of |Cu(2) [(C1Os)» at
25

Compound v, N (£, M-Tem™) Solvent or Condition

[CU2)(CIO)2 690 Nujol mull
618(103) MeNO;
612(142) MceCN
620(124) H-0

[CutH2}[(C1O,): 520 Nujol mull
515(75) MeNO:
536(90) MeCN
547(90) H:0

[Cu @) [(CIO )2 610 Nujol mull
647(162) MeCN
650(149) H:0

|Cud) (C10,4)" 530(98) MeNO:
544(104) H:0

“Rel. 4. *Ref. 20,
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Figure 2. Elcctronic absorption spectra ot Cu(2)[{CI(,)z (5.0 %
10-F M) in aqueous solutions containing HCIOL[HCIO] 0.0 (a).
LOX 107 (b), 20X 107 (¢) 3.0x 107 (d). 4.0 x 107 (&) and
5.0x 10 M (1)

plex has a square-planar coordination geometry. The band of
the complex measured in H>O is observed at ¢a. 30 nm
longer wavelength than that in MeNQO- or Nujol mull.This
may be resulted from the axial coordination of water mole-
cule. 192128

Figure 2 shows that that the addition of HCIO, (5.0 X
103 M) to an aqueous solution of [Cu(2)](C1O4); (5.0 x 103
M) decreases the absorption at ca. 620 nm. On the other
hand, the absorption at ca. 550 nm increases as the concen-
tration of the acid is increased: the spectrum {curve f) of
[Cu(CIOL)» measured in 5.0 x 103 M HCIO; solution is
quite similar to that of [Cu(H2)](ClOy): measured in pure
water, indicating the formation of the protonated complex.
The protonation reaction rate is too fast to measure with
ordinary methods. However, the resulting protonated com-
plex [Cu(H2)]** was decomposed relatively slowly even in
concentrated HCLO, solutions. Pseudo first-order rate con-
stant (k) for the decomposition reaction of [Cu(H2)J*' (2.0 x
103 M) measured in .1 M HCIOy solution was found to be
ca. 4.4 x 1072 s71. 1t is obvious that the reaction rate is dis-
tinctly slower than those reported for [Cu(3)]* (k= 0.1 s in
0.1 M UHCIOH™ and |Cu(6)]* (4 — 0.16 5" in 0.1l M
1INQ;).* The slower decomposition of |Cu(112)]*, com-
pared 1o |Cu(5}*'. may be related to the mote rigid steucture
ol the ligand containing onc imine bond. Unfortunately.
direct comparison of the protonation behaviors ol |Cu{2)*!
with those of the unsaturated complexes |Cu(3)*" and
[Cu(4)]** cannot be made at this time, because the data of
the latter complexes are not available.
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