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The tripodal tetramine ligands N(GBH,CH:NH,)3 (trpn) and N[(CHCH,CH;NH2)2(CH,CH,;NH>)] (332) react

with Cu(NG;),-3H,0 in water to give light blue copper(ll) complexes. These were characterized by X-ray
crystallography to be the square-pyramidal binuclear Cu(ll) species [Cu(trpg)di@Ds), and [Cu(332)(NQ)]--
(NO3)2:2H20. Selected crystallographic details are as follows, respectively: formutu§CuN12012, CreHag
CwN1:014, M = 751.74, 759.72 Da; both triclinic; bofl; a = 8.4346(8), 8.446(4) Ab = 9.0785(9), 8.744(3)

A; ¢ =11.9310(12), 12.007(3) Ax = 94.50(1), 102.68(2) = 103.56(1), 94.79(3) y = 117.42(1), 117.69-

(4)°; V= 769.7(5), 748.2(13) A bothZ = 1; R= 4.16, 4.00R, = 11.34, 6.74 for 2887I(= 20(1)), 2457 €2

> 30(F¢?) structure factors and 199, 209 refined parameters. The binuclear complex dications exhibit a square-
pyramidal coordination geometry around the copper atoms. Three amine functions (one tertiary and two primary)
are coordinated to one copper atom and the remaining primary amine arm bridges to the second copper center.
Potentiometric and visible spectrophotometric studies show that a protonated square-pyramidal [G@M)E)(H

cation (L= trpn, 332, 322 (322= N[(CH2CH,CH:NH2)(CH,CH;NH>)])) predominates in the intermediate pH
region, in contrast to the established trigonal-bipyramidal structure of the trenttes(2-aminoethyl)amine))
complex of Cu(ll). Each [Cu(HL)(kD),]®" has one protonated uncoordinated ligand arm which explains the
formation of the binuclear species at neutral pH.

Introduction thwarted the efforts at a detailed kinetic characterization until
recently?3 In turn, hexaaquacopper(ll) reacts to form com-
plexes with extreme rapidity. Upon coordination of the ligand
dtren [tren= tris(2-aminoethyl)amine] the geometry at the copper
center is changed to trigonal-bipyramidal from octahedral. From
a combination of temperature-jump relaxation kinetics measure-
ments and NMR spectroscopy measurements of water exchange
at ambient and elevated pressures, it has been conéltiud

Extensive and elegant studies of different aspects of copper-
(I1) and copper(l) chemistry have shown that this transition metal
possesses a wide repertoire of coordination geometries an
properties. Investigations are stimulated, in part, by widespread
interest in the bioinorganic chemistry of copper because of the
presence of the metal in many metalloproteins and metallo-

enzymes. ligand substitution occurs by ag inechanism, whereas ap |

Pecralaructure of coordinated water which has the consequencdCHNISM 15 operative for octahedral copper agua complexes.
’ q These findings have encouraged us to determine which factors

of conferring extreme lability of water exchange, a fact which influence the geometry and reactivity of copper complexes with
® Abstract published i\dvance ACS Abstractfecember 1, 1996. mpo.dal tetraamlne_llga_nds. To e}ddress this problem, .We have
(1) For example: (a) Zubieta, J.; Karlin, K. @opper Coordination studied Fhe coordination .Che.m|3try .Of COPPQT(“) with the
Chemistry: Biochemical and Inorganic Perspeet Adenine Press: symmetric and unsymmetric tripodal Ngands (Figure 1) and
New York, 1983. (b) Wei, N.; Murthy, N. N.; Karlin, K. Dlnorg.

Chem.1994 33, 6093. (c) Knowles, P. F.; Brown, R. D., Ill; Koenig, (2) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307.
S. H.; Wang, S.; Scott, R. A.; McGuirl, M. A.; Brown, D. H.; Dooley, (3) Powell, D. H.; Furrer, P.; Pittet, P.-A.; Merbach, A.EPhys. Chem.

D. M. Inorg. Chem.1995 34, 3895. (d) Karlin, K. D.; Tyeklar, Z. 1995 99, 16622.
Bioinorganic Chemistry of CoppeChapman and Hall: New York, (4) Powell, D. H.; Merbach, A. E.; Fabian, I.; Schindler, S.; van Eldik,
1993. R. Inorg.Chem.1994 33, 4468.
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Table 1. Summary of Crystallographic Data for
[Cu(trpn)(NQ,)]z(N03)2 and [CU(332)(NQ)]2(N03)2'2H20

2 5 o g
N’ N N- N’
CNCD D Ch
NH, NHzNH2 NH - Nitp NH, 2NH2 NHz ™2 NH,
22

Cu(trpn)(NQ)]2- Cu(332)(NQ)]--
parameter (NO3), (NO3)2:2H,0
trpn 332 3 tren formula GgH4sCWpN12012 C16H4sCWN1,014
- : P mol wt 751.74 759.72
Figure 1. Topology of the tripodal tetraamine ligands used. space group P@No. 2) P1(No. 2)
. - . .4 8.4346(8 8.446(4
we have also examined the lability of the coordinated water in A 9_07858 8-7448
these complexes. c, A 11.9310(12) 12.007(3)
Previous studies have shown that the tripodal tetraamines o, deg 94.50(1) 102.68(2)
depicted in Figure 1 react with Cu(OHand NHPFs under B geg ﬂg-ig(i) ﬁggg’z
basic conditions to yield trigonal-bipyramidal complexes 7’ A‘ig 769.7 Q) 69(4)
56 . L . 7(5) 748.2(13)
[Cu(Ng)(NH3)](PFg)2.>° In this contribution we report on the 7 1 (binuclear complex) 1 (binuclear complex)

reaction of these ligands with Cu(NJ2-3H,O at neutral pH, cryst size, mm

0.3% 0.25x 0.20 0.30x 0.30x 0.25

yielding binuclear square-pyramidal complexes. A mechanism pexp g/cn® 1.60 1.69

for the formation of the binuclear species is proposed on the pcalcch]q/crrﬁ 1.46%{23 1.5622

basis of solution thermodynamics and spectroscopic measurefrladiaﬁon/l’ A Mo Ko, 0.710 73

ments. data collecn temp, K 293(2) 173(2)

. . 26-range, deg 5 20 <54 2<20 <50
Experimental Section unique data 3200 2633
Preparation of Complexes. Tren was obtained from Aldrich. The ot;sod data 2887 & 20(1)) 2457 €= 30(F+?)

preparation of the other tripodal ligands has been described earlier. EW O/; ‘1'1124 ‘égﬁ

The copper complexes of trpn and 332 were prepared in an analogousGo’F° 1 (')1 1-64

manner. The preparation of the trpn complex is described as an no. of var 1'99 2'09

example. To a solution of Cu(N$-3H,O (6.1 g, 25 mmol) in 25

mL of water was added 5.0 g of trpn. Upon this addition, a precipitate
of copper hydroxide was formed; however, during the course of the
reaction most of the precipitate redissolved. The reaction mixture was
stirred at 5C°C for 1 h, filtered, and concentrated to 5 mL. Blue crystals

AR = J|IFol — IFcll/ZIFol, Ru = [ZIIFol — IFcl[Z/XwWIFo|7Y2

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[Cu(trpn)(NG;)]2(NO3)2 and [Cu(332)(N@]2(NOs)2-2H,0?

formed overnight; yield, 7.4 g (78% based on Cu) of [Cu(trpn){io [Cu(trpn)(NGy)] - [Cu(332)(NQ)]»-
(NO3)2. Anal. Calcd (found) for @HasCwN12012 (M = 751.74): C, parameter 03)2 (NO3)2°2H0
28.76 (28.64); H, 6.43 (6.33); N, 22.36 (22.17). MS-HAB, Cu-01(01A) 2.391(2) 2.421(2)
3-nitrobenzyl alcohol/dimethyl sulfoxide (DMSOn/2: 688 (2, M Cu—N1 2.100(2) 2.078(3)
-NOs), 626 (1, M- 2NOs), 564 (1, M - 3NG3), 517 (6), 501 (1), 446 Cu—N2 2.008(2) 1.975(3)
(2), 417 (3), 384 (45), 313 (29), 251 (100, [Cu(trpn)] The complex Cu—N3 1.998(2) 1.976(3)
with the ligand 332 crystallized with two molecules of water as  Cu—N4* 2.075(2) 2.041(3)
[Cu(332)(NQ)]2NO3)2-2H,0; yield, 45.3% based on Cu. Anal. Calcd o~
(found) for GeHagCUN1:01s (M = 759.72): C, 25.30 (26.46); H, 6.37 m_gﬂ_ﬁ%@l"") 913°é55(§§8) 81505(613)(1)
(6.24); N, 22.12 (22.97). MSHFAB, 3-nitrobenzyl alcohol/DMSO, N1—Cu—N3 91.50(8) 92'3(1)
m/2: 660 (1, M" -NO3), 598 (1, Mf- 2NO3), 536 (1, M™ - 3NO3), 492 N1—Cu—N4* 156.82(8) 1621.3(1)
(2), 403 (2), 370 (14), 299 (32), 237 (100, [Cu(332)] N2—Cu—01(O1A) 84.84(8) 82.7(1)
Crystal Structure Analyses. Deep blue crystals of both complexes N2—Cu—N3 172.15(8) 171.5(1)
were grown at room temperature from water and are air-stable. Suitable N2—Cu—N4* 88.68(8) 92.6(1)
specimens were mounted on an Enraf-Nonius CAD-4 diffractometer. N3—Cu—01(01A) 88.30(9) 90.0(1)
Important crystal and data collection details are listed in Table 1. N3—Cu—N4* 88.97(9) 92.1(1)
Diffraction data were collected at 20(2) ardL00(2) °C for the trpn N4*—Cu—01(01A) 101.61(8) 92.44(9)

and the 332 complexes, respectively, usirg6 scans. Raw data were
reduced to structure factdréand their estimated standard deviations)
by correcting for scan speed and Lorentz and polarization effects. No

decay or absorption corrections were necessary. The space group Wa%r Beq, respectively, of the parent atom. Calculations were carried out
found to beP1 for both complexes. This choice was confirmed by eq [ESD Y, P :

the successful solution and refinement of the structure. Both structuresWIth the MolEN packag¥(refinement orF values) for [Cu(332)Ng).-

. NOs),-2H,0 and with SHELX-93% (refinement or-2 values) for [Cu-
were solved by standard Patterson methods. The positional parameter% ] -
for all non-hydrogen atoms were refined by using first isotropic and IpN)NC:[(NOs).. ORTEP! was used for all molecular drawings.

later anisotropic thermal parameters. Difference Fourier maps calcu- Table 2 lists selected bond distances and angles, and ORTEP drawings

lated at this stage showed for both complexes the positional parametersare shown in Figures 2 and 3.

. Equilibrium Measurements. Visible spectra were recorded on a
of the hydrogen atoms; however, hydrogen atoms were added to the_, - . :
structure models on calculated positiodéd—H) = 0.95 A, d(N—H) Shimadzu UV-2100 spectrophotometer. The potentiometric measure-

— : " ts were performed with a Metrohm automatic buret (Dosimat 665),
=0.87 AP and are unrefined. No hydrogen positions were calculated men ) -
for the water molecules in [Cu(332)(NB(NOs)»2H,0. The isotropic either a Fisher Acumet 950 pH meter or an Orion EA-920 pH meter,

temperature factors for hydrogens were fixed to be 1.3 timesJthe and an Orion Ross gla_ss e_Iectrode and calomel reference electrode or
an Orion Ross combination pH electrode. The electrodes were

calibrated before each titration by titrating a known amount of aqueous
HCI with a known concentration of NaOH. A Gran gidof millivolt

a Atoms marked with an asterisk represent transformed coordinates
related by an inversion center.

(5) Duggan, M.; Ray, N.; Hathaway, B.; Tomlinson, G.; Brint, P.; Pelin,
K. J. Chem. Soc., Dalton Tran$98Q 1342.

(6) Dittler-Klingemann, A.; Hahn, F. Bnorg. Chem.1996 35, 1996.

(7) Neutral scattering factors were usddternational Tables for X-Ray
Crystallography Kynoch Press: Birmingham, England, 1974; Vol.

(9) MolEN: Molecular Structure Solution Procedurd&ogram Descrip-
tions; Enraf-Nonius: Delft, The Netherlands, 1990.

IV, Table 2.2B. Terms of anomalous dispersion frointernational
Tables for X-Ray CrystallographyKynoch Press: Birmingham,
England, 1974; Vol. IV, Table 2.3.1.

(8) Churchill, M. R.Inorg. Chem.1973 12, 1213.

(10) Sheldrick, G. M.SHELX-93: Program for the Solution of Crystal
Structures Universita Gattingen: Gitingen, Germany, 1993.

(11) Johnson, C. KORTEP II Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1971.
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Figure 4. Plot of average number of protons per ligafjdversus pH.
Figure 2. ORTEP plot of [Cu(trpn)(NG)]2(NOs), with the employed ) ) )
crystallographic numbering scheme. Atoms marked by an asterisk areTable 3. Potentiometrically Determinedika Values (25°C, u =

related by an inversion center. 0.15 M NaCl) for the Four Tripodal Tetraamines and Literature
Values (25°C, u = 0.1 M KClI) for Tren* and Trpr®
tren* 322 332 trpn trptP
pKa1 10.14  10.14(9)  10.4(1) 10.58(2)  10.51
pKaz 9.43 9.72(6) 9.87(7) 9.92(4) 9.82
pKas 8.41 8.40(4) 8.85(3) 9.28(4) 9.13
pKas <2 2.1(3) 3.86(5) 5.80(8) 5.62

Computations with Potentiometric Data. The protonation con-
stants for the ligands, and the stability constants for the Copper(ll)
ligand complexes, were determined using the program BESThis
program performs a least-squares fit of calculated pH to measured pH,
using a mass balance equation and a varied set of stability constants.
An indication (goodness) of the fit is calculated according to eq 1
(N is the total number of data points). In all of the titrations with trpn,

o < 0.01 (eq 1), while with either 332 or 322 < 0.05; the largerr

0= Z(pHcaIC_ pHobs)z/(N -1 1

in the latter two cases can be attributed to,@0Ontamination of the
stored amines. Plots of the average number of protons per ligand (
calculated from the titrations (Figure 4) showed that the protonated
ligands trpn, 332, and 322 each acted as tetraprotic acids. The four
pKa's for each ligand were determined by potentiometry (Table 3).
For determination of the stability constants of the Cu(ll) complexes,
titrations were carried out in the presence of Cu(ll) ions. Plots of the
average number of bound ligands per Cu(ll) iam ¢alculated from
the titrations (Figure 5) showed that the ligands trpn, 332, and 322
each formed 1:1 L:M complexes and that the presence of hydrolysis
and/or protonated species was significant. The stability constants shown
Figure 3. ORTEP plots of [Cu(332)(N€)]2(NO3)»-2H,0O with the in Table 4 were determined using the protonation constants of the
employed crystallographic numbering scheme. Atoms marked with an ligands andk = 1071061 for the formation of the hydrolysis species
asterisk are related by an inversion center. The atoms O1A, O1B, N5A, [Cu,(OH),]2".17 All three metat-ligand systems also included a
and N5B are part of a disorder. O1A can be part of a nitrate anion protonated species [Cu(HL)gB),]>" and a hydroxo complex [CuL-
which is bonded to Cu and hydrogen bonded to a water molecule (O1B, (OH)]*, as well as the [CuL(kD)]?* complex. When species corre-
upper picture). Alternatively O1A represents the oxygen atom of a water sponding to [Cub]2*, [CUL(HL)]3", [Cu(HL);]**, or [CuL(OH),] were
molegule bon_ded to Cu and hydrogen bonded to t_he oxygen atoms °finc|uded, the fit of the calculated curve against the measured curve
the nitrate anion 02, 03, O1B, and NSB (lower picture). did not change significantly. Speciation diagrams for each of the four
(measured) versus pH (calculated) gave a working slope and interceptligands with Cu(ll) are shown in Figure 6 (for tren, literature data
in order to convert the measured millivolt data-ttbg[H*]. Both the were used).
pH meter and the automatic buret were interfaced to a PC in order to  Computations with Visible Spectrophotometric Data. An inde-
perform automatic titrations and data acquisition. The temperature waspendent confirmation of the solution equilibria was also obtained by
kept constant at 254 0.1°C by a Julabo bath circulating into water-  least-squares fit of electronic (visible) spectra at different wavelengths
jacketed, covered beakers. Argon, scrubbed and humidified by bubbling and pH's in order to ascertain the geometries about the Cu(ll) centers.
through 10% NaOH, was used to exclude ambient.C/ater was The model describes the concentrations of each metal-containing species
purified by ion-exchange followed by distillation. NaOH solutions as a function of pH according to eqs-2.
(~0.15 M) were prepared by dilution of 50% NaOH with degassed Cu and Cyn are the concentrations of the free metal and of the
water and standardized against potassium hydrogen phthalate using th@rotonated complex, respectively. is the concentration of the
Gran method? The ionic strength of the solutions was kept constant
atu = 0.15 M NaCl. The ratio of ligand to metal was in the range (13) Motekaitis, R. J.; Martell, A. ECan. J. Chem1982 60, 2403.
10:1= L:M = 0.5:1 with concentrations in the range 0-669 mM. (14) Martell, A. E.; Smith, R. M.;Critical Stability ConstantsPlenum
A minimum of five titrations for each ligand, and for each ligand in Press: New York, 19741989; Vols. 1-6.

; ; (15) Dei, A.; Paoletti, P.; Vacca, Anorg. Chem.1968 7, 865.
the presence of Cu(ll) ions, was performed in the pH rangepH < (16) Sfinzi, H.; Perrin, D. D.; Teitei, T.; Harris, R. L. NAust. J. Chem.

11.5. 1979 32, 21.
(17) Baes, C. F., Jr.; Mesmer, R. Ehe Hydrolysis of CationsWiley:
(12) Rossotti, F. J. C.; Rossotti, H. Chem. Educl965 42, 375. New York, 1976.
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Table 4. Stability Constants Determined for the 322, 332, and trpn Complexes with Cu(IfG2b = 0.15 M NaCl) and Literature Values

for Tren (37 °C, u = 0.15 M KNOs) and Trpr® (25 °C, u = 0.1 M KClI)
Square Brackety

(Values Determined from Visible Spectra for Trpn and 322 in

tren'® 322 332 trpn trptp
Cu+L—CuL 18.5 17.1(1) [16.6(1)] 16.0(1) 13.21(7) [12.8(1)] 13.12
CuL +H— CuHL 3.6 6.4(2) [6.3(1)] 7.9() 8.29(7) [8.5(1)] 8.15
Cu+L+H—CuHL 11.9 13.3(2) 13.5(2) 10.92(7) 10.76
CuL— CuLOH+H —9.09 —9.4(3) [-9.6(1)] —9.8(1) —9.9(1) [-9.9(2)] -9.77
a Changes in ionic species are omitted.
2 trervCu 1:1 322/Cu1:1
100 100
N1 80 - 80 -
o 60 o 691
40 40
o
20 20
2
0 T T T T 0 T T T T
332 2 4 6 8 10 12 2 4 6 8 10 12
pH pH
i
332/Cu1:1 trpn/Cu 1:1
100 100
T
20 -15 -10 5 80 80
2 o 0 o 60
40 40
i1 20 - 20
0 T 1 T T 0 T T 1 T
2 4 6 8 10 12 2 4 6 8 10 12
0 pH pH

2
-20

log[L]
Figure 5. Plot of average number of ligands per metgl\ersus log-
[L].

Cy = Cyinit — Crimedn ™ a,*™™ + 13 (2

Cun = Cuineds ™" &, + 13 —
T C R )

Cut = Cumid,™ 2 a,P ™ + 1} —
CMinitaS(pH7b3)/{ as(pHibg) +1 4)

Cuton = Cuimras™ ' {aP" ™™ + 1} (%)
complex;Cwuon is the concentration of the hydroxo compl&kinit is
the initial concentration of free metal; the factargwhich control the
slope) andb, (which control the inflection point for each curve) are
free variables during the refinement; therefore the extinction is given
as eq 6 (where is the extinction coefficient, for each species, ahd
is the cell pathlength).

E=¢,Cyd+ €,Cyy yd + €,Cy d + €,Cp ond (6)

A nonlinear least-squares fit of this model yielded extinction
coefficients and a pH-dependent speciation for each of the Cu(ll)
complexes; the speciation model was in complete agreement with the
potentiometric results (see Table 4). An example of the fit for 322 is
shown in Figure 7.

Kinetics. The kinetics of substitution of the coordinated water of
[Cu(332)(HO)]?" and of [Cu(trpn)(HO)]?" by pyridine were inves-
tigated at 25°C using a standard temperature-jump instrument, as
described earlier for the measurements on [Cu(tre®jH".*

Figure 6. Speciation diagrams of tren, 322, 332, and trpn in a 1:1
ratio with Cu(ll) (2 mM). Only metal-containing species are shown.
In order of increasing pH, they are €u [Cu(HL)(H20);]®", [CuL-
(H20)]?*, and [CuL(CH)T.

100
80
¢ 60+

40

20

Figure 7. Observed and fitted visible absorption of 322 complexation
with Cu(ll): at 600 ©), 680 (), and 760 ¥7) nm.

Results and Discussion

Preparation of Complexes and Molecular Structures. We
recently reported that the reaction of the tripodal ligands trpn,
332, and 322 with Cu(OH)and NH,PFs in water under basic
condition yields trigonal-bipyramidal complexes of the type [Cu-
(Ng)(NH3)](PFs)2 (N, = tripodal tetraaminej. A similar
complex has been previously reported with tfeithe reaction
of the ligands trpn and 332 with Cu(NJR-3H,0 in water at
neutral pH yields lighter blue copper complexes. Mass spec-
trometry indicated that binuclear complexes of the composition
[Cu(Ng)(NOs);]2 had formed. To establish the coordination
geometry in these complexes, X-ray structure analyses were
carried out. These analyses showed that binuclear, square-
pyramidal complexes were indeed obtained. The asymmetric
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unit contains a half-molecule related to the other half by an
inversion center. The copper atoms are coordinated by four
amine nitrogen atoms in the basal plane, and an oxygen atom
in the apical position. The tripodal amine ligands coordinate
with the central amine nitrogen atom and two primary amine
functions to one copper atom, while the third amine arm of the
ligand bridges to the second copper atom. The apical position
for each Cu in [Cu(trpn)(N€)]2(NOs3); is occupied by a nitrate
oxygen atom, while the remaining two nitrate anions are
hydrogen-bonded to amine nitrogen atoms (Figure 2, hydrogen
bonds are not shown). A slight change of this binding situation
was observed in [Cu(332)(Nf)2(NO3)2-2H,0. In this complex

the apical position of the square-pyramid is also taken by an
oxygen atom; however, owing to a disorder of atoms O1A/O1B
and N5A/N5B, oxygen atom O1A can be considered as part of
a nitrate anion (Figure 3, upper plot) or as the oxygen atom of
a water molecule (Figure 3, lower plot). Positions N5A and
N5B have SOF= Y/,.

A comparison of the bond parameters (Table 2) in the trpn
and 332 complexes reveals little sensitivity toward the topology
of the amine ligands used. Among the -©M bonds, those
involving the tertiary amine nitrogen atoms are the longest in
both complexes. The second longest-@®ubond formed in
both complexes involves the bridging amine group. In general,
the Cu-N separations in the square-pyramidal complexes fall
in the range observed for the trigonal-bipyramidal Cu(ll)
complexes with tripodal tetraamines§.

A simple alteration (basic to neutral pH) in the conditions of
preparation changes both the nuclearity and the coordination
geometry in the isolated copper complexes. The reasons for
this behavior can be deduced from the following investigation
of the solution thermodynamics.

Protonation Constants. The protonation constants for the
ligands trpn, 332, and 322 are summarized in Table 3; literature
values for trei* and trpri® are also given. There is a general
trend in this series; the first thre&gs, assigned to the primary
amine functions, show only a small shift, whereas the fourth
pKais increased dramatically, about 2 orders of magnitude for
every change of a CH,CH,— arm into a—CH,CH,CH,— arm,
tren to 322 to 332 to trpn. The unusual acidity of the central
fourth nitrogen in tren results from the electrostatic interaction
between the protonated primary amines. The increase in
distance between these charges by a longer chain results in th
observed increase in basicity of the tertiary nitrogen atom.

Complex Stability Constants. In the complexation of Cu-

(1) ions with the tripodal tetraamines 322, 332, and trpn, 1:1
five coordinate complexes are expectedhe stoichiometry
was verified by then plots calculated from the experimental
titration curves in the presence of Cu(ll) (Figure 6). These plots
also indicate a protonated complex [Cu(HL)®),]3" as a
relevant species in all three systems, as well as a hydroxo
complex [CuL(OH)f in the high-pH region. There was no
evidence for a [Cul]?t complex.

The most obvious difference between the complex formation
of Cu(ll) with tren and that with the other amines trpn, 332,
and 322 is in the formation of protonated complexes (Figure
6). Between pH 3 and 5 tren forms with Cu(ll) less than 20%
of a protonated [Cu(HL)(kD),]®" complex16.18

For the ligands with at least one propyl chain (all but tren),
the protonated complex becomes predominant. The [Cu(H322)-
(H20)]3" cation is the major species between pH 4 and 6, while
[Cu(H332)(H0),]3" dominates between pH 4 and 7. Unique
among the systems, trpn does not form any complex atpH
5. The [Cu(Htrpn)(HO),]3* complex dominates between pH

(18) Prue, J. E.; Schwarzenbach, i&ly. Chim. Actal95Q 33, 963.

%
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332/Cu

trpn/Cu

pH

Figure 8. Three-dimensional plots of the L/Cu(ll) visible spectropho-
tometric titrations, molar extinction vs pH Vs

6 and 8. This difference can be explained by the absence of
any five-membered chelate rings in the case of trpn. The
formation constants for the reaction Cu()L + H* — [Cu-
(HL)(H20)7]3" show the same trend (Table 4); the stability
constant of [Cu(Htrpn)(kD);]3" (log K = 10.92(7)) is 2 orders

of magnitude smaller than the analogous values for 332 (13.5-
(1)) and 322 (13.3(2)) and 1 order of magnitude smaller than
that for tren (11.9}%

The [CuL(HO)]?* complexes exhibit the expected sequence
of decreasing stability: tren (loi§ = 18.56) > 322 (17.1(1))
> 332 (16.0(1))> trpn (13.21(7)). This decrease clearly
parallels the loss of five-membered chelate rings in the respec-
tive complexes. [Cu(tren)(#D)]?+ predominates between pH
4.5 and 8, [Cu(322)(kD)]?+ between pH 7 and 9.5, and [Cu-
332)(H0)]?" and [Cu(trpn)(HO)]*" between pH 8 and 10
Figure 6). The B, values for the deprotonation of the
coordinated water molecule to form the [CuL(O#H)}jydroxo
complexes remain constant within an order of magnitude
between logk; = —9 and logK, —10.

Electronic Spectra. The visible spectra in the region 560
900 nm show the €d transitions of the Cu(ll) ion (Figure 8);
these spectra are dependent on the coordination geometry around
the Cu(ll) ion>1%20 Square-pyramidal coordination with five
nitrogen atoms as in the [Cu(NM]?" cation results in an
absorption maximuninax at 654 nm, with a shoulder at 909
nm3 The other principal coordination geometry, the trigonal-
bipyramid realized in [Cu(tren)(N§]?* hasimax = 877 nm,
with a shoulder at 658 nf.The data allow us to draw some
gualitative conclusions from the visible spectrophotometric
titrations (Figure 8).

At pH 6—7 trpn forms a protonated complex [Cu(Htrpn)-
(H20)2]3" with Amax = 661 nm € = 149+ 5 M~1 cm™),
indicative of square-pyramidal coordination. The [Cu(trpn)-
(H20)]?" cation, formed upon deprotonation of [Cu(Htrpn)-
(H20)2]3", changes its coordination geometry toward a more

(19) Ray, N. J.; Hulett, L.; Sheahan, R.; Hathaway, BJ.JChem. Soc.,
Dalton Trans 1981, 1463.
(20) Walker, J. K.; Nakon, Rinorg. Chim. Actal981, 55, 135.
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trigonal-bipyramidal (or less square-pyramidal) structure (the aqueous solution solid state
absorption maximum shifts somewhat to 689 rm=(108+ 5
M~1 cm 1) and a shoulder at 820 nm appears). Upon
subsequent deprotonation, [Cu(trpn)(OHpecomes even more
trigonal-bipyramidal (or less square-pyramidal), withx = 708

nm (€ = 1394+ 5 M=t cm™) and a shoulder at 810 nm is
formed. Changes in the visible absorption spectra as a function /

of pH were used to calculate the concentrations of the Cu(ll)- u !

containing species. This information allowed the calculation
of stability constants based on the metal concentration, and these . ‘m ‘Q ‘&
values agree well with those determined by potentiometry (Table | < o e === -
4)_ OH, OH L
In the case of the tripodal tetraamine 332, only a small shift
of Amaxis Observed, indicating that the structural changes in the
coordination geometries during the deprotonations from [Cu-
(H332)(H0)]%* to [Cu(332)(HO)]?" and [Cu(332)(OH)} are
less than in the analogous trpn complexes. The respefttive
values of 630, 654, and 645 nm (each with a shoulder&0 the ligands trpn, 332, and 322 (including the coligand® tér

nm)h are 'nﬂ'g'.af?ve of sqyarﬁ-pyramldal coolrdmaﬁdﬁ. Due fit § OH™) shows varying degrees of geometry intermediate between
to the small differences in t. ese spectra, a least-squares fit Ortrigonal-bipyramidal and square-pyramidal. At high pH all four
the determination of the various 332/Cu complex constants was iy,qen donors are coordinated. This leads, in the reaction of

not possible. Ligand 322 coordinates similarly to trpn, with a Cu(OH) with a tri ;

. ; podal tetraamine and NAF, to mononuclear
square-pyramid for Erle [Ciul(H322)§B)2]3+ cation @max= (,531 [CuN4(NH3)](PFe)2 %6 (see Figure 9). In the low-pH range, one
nm (E - 11_4# 2 M cm )), gnd complete errotonat|on 9f arm of the ligand is protonated and not coordinated and can,
the ligand, instigating atran3|t|02rlto amore trigonal-bipyramidal o, genrotonation, coordinate to a second Cu(ll) center, leading
coordination for [Cu(322)(ED)]*" with Amax = 700 nm € = to the binuclear species depicted in Figures 2 and 3. These

972—: 5 M~ cm™) and a shoulder at 815 nna ¢ 91+ 5 M™ binuclear species isolated from neutral Cu@jiGsalts cannot
cmt). The [Cu(322)(OH)] cation s like the hydroxo compleX  a getected in solution but are clearly formed in the solid state.
in the trpn system with more of a trigonal-bipyramidal geometry
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conclusions drawn from the visible spectra. IC960585R

[Cu(HL)H,0),1** [CuL(H,0)* [CuL(OH)]*

Figure 9. Correlation of coordination geometries in the solution and
the solid state from a combination of potentiometry, electronic
spectroscopy, and X-ray crystallography.

Concluding Remarks. The pH-dependent coordination of



