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The kinetic behavior of electron-transfer reactions involving several copper(11/1) complexes has previously been
attributed to a dual-pathway “square scheme” mechanism in which changes in the coordination geometry occur
sequentially, rather than concertedly, with the electron-transfer step. In the case of 14-membered macrocyclic
quadridentate ligand complexes studied to date, the major geometric change appears to be the inversion of two
coordinated donor atoms during the overall electron-transfer process. However, the relative importance of these
two inversions has been a matter of speculation. In the current investigation, a comparison is made of Cu(11/1)
systems involving two pairs of ligands with S, and NS, donor sets: 1,4,8,11-tetrathiacyclotetradecane ([14]aneS,-a);
1,4,7,11-tetrathiacyclotetradecane ([14]aneS,-b); 1,4,8-trithia-11-azacyclotetradecane ([14]JaneNS;-a); and 1,7,11-
trithia-4-azacyclotetradecane ([14]aneNS;-b). In each pair of ligands, isomer a has the common chelate ring size

sequence 5,6,5,6 while isomer b has the sequence 5,5,6,6. A crystal structure for [Cu™([14]aneNS;-b)(H,0)](C1O,),
demonstrates that, when coordinated to Cu(m), the b isomers stabilize the relatively rare ligand conformation
designated as conformer II in which one donor atom is oriented opposite to the other three relative to the plane of
the macrocycle. This eliminates one of the donor atom inversion steps which normally occurs during Cu(1/1) electron
transfer. The copper complexes formed with these @ and b isomers are examined in terms of (i) their CuL and Cu'L
stability constants, (ii) their Cu™L formation and dissociation rate constants, (iii) their Cu™L redox potentials and
(iv) their apparent electron self-exchange rate constants. Of the two donor atom inversions which occur in the case of
the a-isomer complexes, the specific donor atom inversion which is common to the b-isomer complexes is judged to
exhibit the larger energy barrier. Thus, it is presumed to represent the rate-limiting process responsible for the onset

of “gated” electron transfer in previous studies on a-isomer complexes.

Introduction

The markedly different coordination geometries preferred by
copper(1) (tetragonal or square pyramidal) and copper(1)
(tetrahedral) imply that the reduction or oxidation of copper
complexes must be accompanied by significant structural
changes. Extensive electron-transfer kinetic studies on Cu(1r/1)
systems involving macrocyclic tetrathiaethers (L)' and sub-
stituted polypyridyls®'* have provided evidence that at least
part of this structural change occurs as a discrete step either
preceding or succeeding the electron-transfer step. The result is
a dual-pathway (square scheme) mechanism, illustrated in
Fig. 1, in which O and R are the stable oxidized and reduced
complexes, respectively, and P and Q represent metastable
intermediates. The intermediate species P and Q are presumed
to have coordination geometries approximating the geometries
of O and R, respectively, that is, they are distorted relative to
the stable geometries normally found for Cu'L and Cu'L,
respectively. However, the actual geometries of these inter-
mediate species have remained a matter of speculation.

In previous studies on Cu(i/1) macrocyclic tetrathiaether
systems, we have suggested that the O — Q and P — R trans-
formations may represent changes in the conformation of the
coordinated macrocycle involving donor atom inversion.'
Bosnich, Poon and Tobe first noted that 14-membered macro-
cycles, with alternating ethylene and trimethylene bridges, could

T Electronic supplementary information (ESI) available: Tables S1-14:
tabulations of experimental rate constants. See http://www.rsc.org/
suppdata/dt/b3/b300602f/
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Fig. 1 Dual-pathway square scheme for electron-transfer reactions
involving Cu(1/1) macrocyclic complexes. The species labeled O and R
are the stable forms of the Cu(ir) and Cu(1) complexes, respectively,
while P and Q represent metastable intermediate species which are
presumed to involve geometries resembling the stable form of the
opposite oxidation state. The horizontal reactions represent electron
transfer and the vertical reactions represent conformational changes.

form metal ion complexes having five distinct ligand conform-
ations if the donor atoms are tetrahedral when coordinated.'
As illustrated in Fig. 2 for both Cu(m) and Cu(1) macrocyclic
ligand complexes, these five conformers are distinguished by
the orientations of the coordinated donor atoms. Based on
large numbers of crystal structures,>**!*** the predominant
ligand conformations for Cu(ir) complexes are those designated
as conformer I (+ + + +) or conformer III (+ — — +),
where the “+” and “—” designations refer to the sequential
orientations of either the hydrogen atoms (on nitrogen donors)
or the lone pair electrons (on sulfur or oxygen donors) relative
to the “plane” of the macrocyclic ring. Crystal structures
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Fig. 2 Conformations formed by Cu(m) and Cu(1) with a coordinated
macrocyclic quadridentate ligand forming a 5,6,5,6 chelate ring
sequence. The metal ion is represented by a solid circle, the macrocyclic
donor atoms by horizontal striping, solvent molecules by diagonal
striping, and the carbon atoms by open circles. Hydrogen atoms are
omitted for clarity. The “+” or “—" label by each donor atom indicates
whether the lone electron pair (in the case of a thiaether sulfur) or
attached hydrogen (in the case of an amine nitrogen) is directed above
or below the ligand plane. For each conformer, the heavy arrow
designates the donor atom which must invert to produce conformer II.
(Conformer IV, which has rarely been observed, is considered to
represent a “dead end” in the electron-transfer reactions.)

for the corresponding Cu(1) complexes adopt conformer V
(+ — + —).*%® This implies that two donor atoms must
invert during the oxidation or reduction of copper. We have
postulated that the two donor atom inversions occur sequen-
tially rather than concertedly so that, during the course of an
electron-transfer reaction, the ligand must pass through con-
former II in which one donor atom is oriented in a direction
opposite to the other three (+ — + +).*

The electron-transfer step itself is presumed to occur without
a significant change in ligand conformation, that is, the pre-
cursor and successor Cu”L and Cu'L species in any electron-
transfer step represent the same conformer. The conversion of
Cu"L(0) to Cu’'L(R) must then entail two intermediate species
to generate a theoretical stepladder mechanism (Fig. 3)* in
which three pathways are possible: (i) O — Y — Z — R, (ii)

— W =Z =R, and (iii) O = W —= X = R. In electron-
transfer studies conducted to date on Cu(1/1)-macrocyclic
tetrathiacther complexes, evidence for only one intermediate
has been observed for either pathway A or B (Fig. 1)."” Thus, it
has not been possible to determine which conformational
changes are involved in the onset of “gating” (i.e., rate-limiting
conformational change), as observed in the oxidation of several
Cu'L complexes. In other words, it is unknown whether inter-
mediate P represents conformer III (or I) or conformer II
(i.e., species Y or Z in Fig. 3) and, as a corollary, whether inter-
mediate Q represents conformer I or conformer V (i.e., species
W or X in Fig. 3)."3

The foregoing considerations led us to speculate that, if a
Cu(m) complex could be generated in which the macrocyclic
ligand preferentially adopted conformer II (rather than con-
former I or III), species O and Y would be eliminated from
consideration, thereby making it possible to assess the impact
of the single remaining donor atom inversion which would
occur during electron transfer, namely, conformer II = con-
former V. Conformer II is extremely rare in metal complexes
having a 5,6,5,6 chelate ring sequence. In a recent examination
of all 139 structures in the Cambridge Structural Database
involving complexes of Ni(m) with 1,4,8,11-tetraazacyclotetra-
decane (cyclam or [14]JaneN,-a) (Fig. 4) and its substituted
derivatives, Donnelly and Zimmer found no examples in which
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Fig. 3 Proposed stepladder mechanism for the reduction of a Cu(m)
complex which is initially in conformer III. Since species O(III) is
presumed to convert to R(V) upon reduction, three possible pathways
exist, each involving two intermediate species for which the conformers
are designated in parentheses: (i) O(III) = Y(III) = Z1I) = R(V),
(i) O(IIT) = W(II) = Z(II) = R(V), (iil) O(II) = W) = X(V) =
R(V). (Atom representations are identical to those in Fig. 2.)
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Fig. 4 Ligands discussed in the current study.

the ligand was in conformer II;** and only two Cu(u) crystal
structures have been reported in which 5,6,5,6 macrocycles are
in conformer 11, viz., (i) the blue (unstable) form of Cu'(tet-a)*
(tet-a = C-meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraaza-
cyclotetradecane)—for which the crystal structure was not
completely resolved—and (ii) the Cu(ir) complex formed with
the DL isomer of a derivative of [14]aneS,-a¢ in which the two
ethylene bridges were replaced by trans-1,2-cyclohexane
(designated as, DL-trans, trans-dicyhx-[14]aneS,).” In the latter
complex, the constraints imposed by the ring substituents
appear to cause the ligand to prefer this unusual geometry.
Significantly, the electron self-exchange rate constant represen-
tative of pathway B (Fig. 1) for this complex was larger than for
any other copper system yet studied.”

An examination of prior work on macrocyclic tetramine



complexes suggested that conformer II might be readily
generated for Cu™L complexes by reversing the position of one
ethylene and one trimethylene bridge within the 14-membered
macrocycle to produce a 5,5,6,6 sequence of chelate rings.
Previously reported crystal structures on complexes of 1,4,7,11-
tetraazacyclotetradecane (isocyclam or [14]aneN,-b) (Fig. 4),
with Ni(1r),2%*” Cu(m)®? and Zn(m)* have shown that, in all
cases, the ligand is in conformer II, presumably due to the
specific strains imposed upon the bond torsion angles.’!
Unfortunately, the redox potentials for the Cu(u/1) complexes
with cyclam and isocyclam are too negative to facilitate com-
parative electron-transfer kinetic studies.*> However, the corre-
sponding S, and NS; complexes have much more positive
potentials > so that the Cu(1) complexes can easily be generated.

In the current work we have synthesized for the first time the
S, and NS; macrocycles with the 5,5,6,6 chelate ring sequence,
viz., 1,4,7,11-tetrathiacyclotetradecane ([14]aneS,-b)** and
1,7,11-triathia-4-azacyclotetradecane ([ 14]aneNS;-b) (Fig.4). We
have determined the crystal structure for [Cu"([14]JaneNS;-b)-
(H,0)I(C10,), to confirm that the coordinated ligand
preferentially adopts conformer II. We have then determined
the following properties of the complexes formed by copper
with both [14]aneS,-b and [14]aneNS,-b in aqueous solution: (i)
the Cu™L and Cu'L stability constants, (i) the Cu™L complex
formation and dissociation rate constants, (iii) the Cu™L redox
potentials and (iv) the Cu™L electron-transfer kinetics. We
have previously determined these same properties for Cu™-
([14]aneS,-a);"3*36 and the first three properties have been
reported earlier by us for Cu™([14]aneNS;-a) (i.e., 1,4,8-trithia-
11-azacyclotetradecane).”®*” To complete the data acquisition,
the electron-transfer kinetics for the latter system were studied as
part of the current work. The specific behavior of the two pairs
of corresponding systems involving the two different chelate
ring sequences are compared and the differences interpreted in
terms of the relative impact of the donor atom inversion steps
on Cu"L complex dissociation and on the Cu(i/1) electron-
transfer process.

Experimental
Ligand syntheses

The generalized synthetic, separation and characterization
techniques used in our laboratories for the preparation of
macrocyclic thiaether ligands have been previously described in
detail.®® The specific syntheses of [14]aneS,-a** and [14]ane-
NS;-a* have also been previously described. Synthetic schemes
for the b isomers are presented here for the first time.

Synthetic scheme for [14]aneS -5

Our generalized high-dilution macrocyclization technique was
utilized in anhydrous DMF containing finely milled anhydrous
K,CO; for the synthesis of [14]aneS,-b. A 0.1 mol scale con-
densation of 2-mercaptoethyl sulfide (Aldrich Chemical Co.)
with bis(3-chloropropyl) sulfide was carried out at 70 °C over a
5-h period. (CAUTION: Bis(3-chloropropyl) sulfide is a vesicant
and should be handled with extreme care!) The latter synthon
was prepared by reaction of 3,3'-thiodipropanol (Aldrich
Chemical Co.) with thionyl chloride in methylene chloride and
used in crude form after Kugelrohr evaporation of solvent
below 40 °C/0.05 Torr. Flash chromatography of the washed,
concentrated cyclization residue with 5:95 toluene—cyclohexane
afforded 13.9 g (51.7%) of the crude product. The latter
exhibited R; = 0.55 when developed with 5:95 actetate—toluene
on MK6F Whatman glass TLC plates. The crude [14]aneS,-b
was further purified by charcoal treatment and recrystallized
from ethanol: mp = 94-96 °C, 19.7 g (79.9%). *C NMR (20.15
MHz, CDCl,), 6 in ppm (multiplicity): 30.18, 30.52, 31.58,
31.96, 32.08. FT-IR (KBr neat), in cm™' (relative intensity):

2916 (w), 2823 (s), 1423 (m), 1253 (w), 1239 (w), 1189 (w), 1133
(w), 1034 (w), 762 (w); EI-MS, m/z (relative intensity): 268 M*
(62), 207 (18), 181 (20), 106 (100), 74 (38), 133 (20).

Synthetic scheme for [14]aneNS;-b

The toluenesulfonamide precursor was prepared by the high-
dilution macrocyclization technique in anhydrous DMF/K,CO,
on a 0.25 mol scale by condensation of 3-mercaptopropyl
sulfide with bis(2-chloroethyl)-N-toluenesulfonamide. The 3-
mercaptopropyl sulfide was prepared from 3,3’-thiodipropanol
(Aldrich Chemical Co.) via the thiouronium procedure of
Houk and Whitesides.*!

The sulfonamide synthone was prepared by slow addition of
1.1 equivalents of p-toluenesulfonyl chloride to a cooled, 5-10
°C, 0.5 molar toluene solution of 1 : 1 diethanolamine—triethyl-
amine. The reaction solution was washed twice with 10% HCl
to remove unreacted amines, then with 5% NaOH, dried with
MgSO,, suction filtered and toluene rotary vacuum evaporated
at 80 °C, 18 Torr, to yield a pale yellow oil of essentially pure
product in greater than 80% yield. Without further purification
the bis(2-hydroxyethyl)-N-toluenesulfonamide was reacted with
2.2 equivalents of thionyl chloride in a 0.3 molar methylene
chloride solution to form the bis(2-chloroethyl)-N-toluene-
sulfonamide. After rotary vacuum evaporation of methylene
chloride at 30 °C, 18 Torr, followed by Kugelrohr evaporation
at 30 °C, 0.05 Torr, the resulting dark yellow oil was used in
the macrocyclization without further purification. Macro-
cyclization by the procedure used for the isomeric 1,4,8-trithia-
11-azacylotetradecane-N-toluenesulfonamide® afforded the
1,7,11-trithia-4-azacyclotetradecane- N-toluenesulfonamide in
28% yield after elution column chromatography, 30 : 70 cyclo-
hexane-toluene, and recrystallization from 60 : 40 cyclohexane—
toluene, mp = 130-135 °C. Detosylation by the identical
procedure employed for 1,4,8-trithia-11-azacyclotetradecane
([14]aneNS;-a)* afforded the free amine ([14]aneNS;-b) from
a 0.08 mol scale reaction in 59% yield as colorless crystals
from hexane: mp = 46-47 °C. ®C NMR (20.15 MHz, CDCl,),
J in ppm: 28.50, 29.58, 30.19, 30.32, 30.54, 31.08, 31.41, 32.59,
46.73, 49.88. FT-IR (KBr neat), in cm™' (relative intensity):
3276 (s), 2940 (s), 2805 (s), 2664 (m), 1429 (s), 1287 (s), 1142
(w), 1111 (m), 997 (m), 750 (m). EI-MS, m/z (relative intensity):
250 M* (80), 59 (41).

Other reagents

Copper perchlorate and sodium perchlorate were prepared
by adding HCIO, to CuCO; and Na,CO;, respectively, as
previously described.*> (CAUTION: Perchlorate salts are
potentially explosive and should be handled with care in small
quantities. They should never be heated to dryness!) The
preparative methods utilized for all counter reagents have been
previously reported.

Crystal structure

A crystal of [Cu™([14]aneNS;-b)(H,0)](C1O,), was grown by
evaporation from an aqueous solution containing a large excess
of Cu(ClO,),. Diffraction data were collected on a Siemens/
Bruker P4/CCD diffractometer equipped with monochromated
Mo-Ka radiation and the manufacturer’s SMART collection
software and SAINT processing software. A hemisphere of
data was collected at 10 s frame ™! with 0.3° between each frame.
Absorption corrections were applied with the program
SADABS.* The structure was solved and refined on F?* with the
programs SHELXS and SHELXL-93.** Hydrogen atoms were
placed in calculated or observed positions. All non-hydrogen
atoms were anisotropically refined. Typical perchlorate disorder
is evident in the large thermal parameters. Perchlorates labeled
CI(1) and CI(2) occupy crystallographic 2-fold axes.
CCDC reference number 192149.
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See http://www.rsc.org/suppdata/dt/b3/b300602f/ for crystal-
lographic data in CIF or other electronic format.

Instrumentation

Scans of the UV-visible spectra were obtained using a Hewlett-
Packard Model 8452A spectrophotometer. Precise molar
absorptivity and stability constant values were measured using
a Cary Model 17D dual-beam spectrophotometer. All pH
measurements were made with either an Orion Model 901
Microprocessor Ionalyzer or an Orion Model 720A pH meter.
Cyclic voltammograms were measured using a Bioanalytical
Systems Electrochemical Analyzer, Model BAS 100 (BAS, West
Lafayette, IN). All potential measurements were referenced to
ferroin in 0.05 M KCI (E® = 1.117 V)* as an external standard.
All kinetic measurements were made with a Durrum D110
stopped-flow spectrophotometer with Kel-F fittings, equipped
with air-tight syringes, which was interfaced to a PC. For both
the thermodynamic and kinetic measurements, the temperature
was thermostatted at 25.0 £ 0.2 °C.

Solutions for kinetic and thermodynamic measurements

All solutions were prepared using conductivity-grade distilled-
deionized water. The macrocyclic ligands were dissolved in
solutions containing a large excess of Cu(ClO,),. Ligand con-
centrations were determined by a mole-ratio displacement plot
in which the decrease in the intense S-to-Cu charge-transfer
band (=390 nm) was monitored as increments of a standard
Hg(u) solution were added. The point at which the absorbance
reached zero was taken as the equivalence point. Solutions
of Cu'([14]aneS,-b) were prepared by adding copper shot to
standardized Cu"L solutions and letting them sit under a nitro-
gen atmosphere with stirring for about two hours: Cu’ +
2Cu"L — Cu™ + 2Cu'L. Due to their lower potential values,
Cu'([14]aneNS;-a) and Cu'([14]aneNS;-b) were prepared by
controlled potential electrolysis of the standard Cu(i) solu-
tions: Cu'lL + e~ — Cu'L. In all cases, the solutions were com-
pletely bleached, indicating that the reactions were quantitative
so that the resulting Cu'L concentrations were presumed to be
equal to that of the initial Cu"L solutions. The conditional
stability constants and the complex formation and dissociation
rate constants for the copper complexes of [14]aneNS;-a and
[14]aneNS;-b were pH dependent. The pH of solutions used
in these measurements was controlled by using our recently
developed non-complexing buffers, specifically piperazine-
N,N'-bis(3-propanesulfonic acid) (PIPPS: pK, = 3.79) and
piperazine-N,N'-bis(4-butanesulfonic acid) (PIPBS: pK, =
4.29), which were synthesized as previously reported.** The
concentrations of all counter reagent solutions were deter-
mined spectrophotometrically as described previously.! Ionic
strength was maintained at 0.10 M in all solutions with
NacClO,.

Results
Crystal structure

The physical data for the crystal structure determination of
[Cu™([14]aneNS;-b)(H,0)](ClO,), are listed in Table 1. The
principal bond lengths and angles associated with the copper
coordination geometry are given in Table 2. An ORTEP
drawing of the cationic unit is shown in Fig. 5. This structure
shows that Cu(n) is five-coordinate with the unshared electron
pairs on each of the sulfur donor atoms oriented in the same
direction as the apically coordinated water molecule while the
hydrogen attached to the nitrogen donor atom is oriented in
the opposite direction to generate conformer II, consistent
with the geometry previously reported for [Cu™([14]aneN,-b)-
(NCS)INCS.®
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Table 1 Crystal parameters and experimental data for X-ray diffrac-
tion measurements on [Cu"(14]JaneNS,-5)(H,0)](CIO,),*

Parameter [Cu"([14]aneNS;-b)(H,0)](ClO,),

Empirical formula CuC,,H,;NS;CL,0,

Formula weight 531.91
Space group 2

alA 13.7324(8)
blA 10.0394(5)
c/A 14.6404(8)
al° 90

Br 95.122(1)
9/ 90

VIA? 2010.3(2)
Z 4

DJg cm™? 1.757
/mm™! 1.706
R(F)" 0.0407
R,(F?- 0.1096

“T =2952) K; 4 = 0.71073 A. * R(F) = S||F,| — |FAVEIF,| for 20(1)
reflections. ¢ R(F?) = [Ew(F,? — F)*EZw(F,?)*" for 20(1) reflections.

Table 2 Selected bond lengths (A) and bond angles (°) for the cationic
unit in the crystal structure of [Cu"([14]aneNS;-b)(H,0)](CIO,),

Cu-S(1) 2.311(1) Cu-S(3) 2.279(2)
Cu-S(2) 2.286(2) Cu-N 2.004(4)
Cu displacement * 0.043(1)

S(1)-Cu-S(2) 93.72(5) S(2)-Cu-N 163.62(13)
S(2)-Cu-S(3) 95.68(5) S(1)-Cu-O 84.46(11)
S(3)-Cu-N 86.53(13) S(2)-Cu-O 98.75(12)
S(1)-Cu-N 87.16(12) S(3)-Cu-O 84.60(11)
S(1)-Cu-S(3) 166.53(5) N-Cu-O 97.6(2)

“ Displacement of the Cu atom from the mean NS; plane toward the
coordinated water molecule; the corresponding displacements for S(1),
S(2), S(3) and N(1) are 0.260(1), —0.220(1), 0.256(1) and —0.296(1) A,
respectively.

Fig. 5 ORTEP drawing of the cationic unit in the crystal structure
of [Cu"([14]aneNS;-b)(H,0)](ClO,), showing the atom numbering
scheme. Hydrogen atoms have been omitted for clarity.

Ligand protonation constants

The titrimetric determination of the ligand protonation con-
stant for [14]aneNS;-a has been previously described.®” The
same approach was utilized for [14]JaneNS;-b in this study.
For the latter determination, perchloric acid was added to a
0.10 mM solution of ligand to adjust the pH to approximately
3.0 and the solution was then titrated with standard NaOH
to pH 10.5. The PKAS software developed by Martell and
Motekaitis*” was used as previously noted *** to calculate the
optimal value of the mixed-mode protonation constant defined
as:

k»[HL]
a[L]

(M



Table 3 Physical parameters for copper(i1) complexes with [14]aneS,-a, [14]aneS,-b, [14]JaneNS;-a and [14]aneNS;-b in aqueous solution at 25 °C,

1=0.10 M (CIO,)

Complexed ligand E'/V vs. SHE Jmax/ DM 10 % /M em™ log Ky log Kcyny log K¢y, (calc.)
[14]aneS,-a 0.59¢ 390° 8.0° n.a. 4.34° 12.1¢
[14]aneS,-b 0.69¢ 411¢ 8.3¢ na. 2.74(7)° 12.2¢
[14]aneNS,-a 0.38¢ 365¢ 7.7¢ 8.75°¢ 9.25¢ 13.6
[14]aneNS,-b 0.41¢ 378 8.2¢ 8.2(1)° 8.34(4)¢ 13.1¢

“ Ref. 36. " Ref. 34. “ This work; digits in parentheses represent the standard deviation for the last digit shown (e.g., 2.74(7) denotes 2.74 % 0.07). * Ref.

23. ¢ Ref. 37.

where ay represents the activity of solvated hydrogen ion. The
resulting K™ value is listed in Table 3.

Spectra and stability constants

As previously reported for the Cu(mr) complexes with [14]ane-
S,-a* and [14]aneNS;-a,* the corresponding complexes formed
with [14]aneS,-b and [14]aneNS;-b exhibit strong S—Cu
charge-transfer bands in the visible region. The molar absorp-
tivity value of each Cu"L complex and the corresponding
conditional stability constant, K, ', for each of the latter

complexes were determined simultaneously using the
McConnell-Davidson approach.***** In eqn. (2),
Cun +L' = CUHL KCu“L/ (2)

L’ represents the total uncomplexed ligand, which, in the case
of the [14]aneNS; ligands, includes both the unprotonated and
protonated species. For Cu”([14]aneNS;-b), the measurements
were carried out at pH 3.77 using a total ligand concentration
of 28 uM while the total Cu(ir) concentration was varied from
93 to 280 uM to yield a conditional stability constant value of
Ky =(8.25 £ 0.09) x 10° M. Our past studies with acyclic
polythiaethers** have amply demonstrated that the Cu(ir)-poly-
thiaether complexes are exceptionally weak in aqueous solution
in the absence of complete coordination by a quadridentate
macrocycle. Based on these prior observations, it is presumed
that the protonated complex with [14]JaneNS;, Cu™HL, is not a
stable species under the conditions used in the current work.
Therefore, the conditional stability constant represents only
the Cu"L species from which we can calculate the corrected
thermodynamic stability constant based solely on the ligand
protonation constant:

P [Cu'L]l _ [Cu"L] _Kp' 3)
@ cu"L] [Cu"le L] o«
a =1 ! @)

[L]+[HL'] 1+K,"a,

where a; is unity for [14]aneS,-b and 3.80 x 107 at pH 3.77 for
[14]aneNS;-b. The wavelength of maximum absorbance, the
corresponding molar absorptivity value, and the stability con-
stant for each of the four Cu(ir) complexes are listed in Table 3.

Copper(11/1) complex potentials and copper(1) complex stabilities

The potential values for Cu™([14]aneS,-a)%¢ and Cu™([14]-
aneNS;-a)?* have been previously reported. Slow scan cyclic
voltammograms (v = 10-100 mV s™') were essentially reversible
for solutions containing [14]aneS,-b and [14]aneNS;-b in the
presence of excess Cu(1). As noted in the Experimental section,
the potential values were calibrated against ferroin in 0.05 M
KCl as an external standard. For each of the latter systems, the
E,, value was presumed to represent the formal potential as
listed in Table 3.

The measured potential values for the Cu™L systems were

combined with the stability constants determined for the Cu”L
complexes to permit the Cu'L stability constants to be calcu-
lated from the Nernst relationship:

B Eﬂq(,v B 2.303RT log
nF

KCu"L

©®)

cu'L

where E,” represents the concentration potential for the
aquated Cu(1/1) redox couple (0.13 V)*® and the other terms
retain their usual significance. The resulting K.,; values are
included in Table 3.

Complex formation Kinetics

The formation rate constants for each of the b-isomer com-
plexes were determined by mixing excess aquated Cu(i) ion
with ligand in a stopped-flow spectrophotometer and monitor-
ing the appearance of the product, Cu™L:

Cu¥ +L'== 'L (©6)

Due to the very limited aqueous solubility of [14]aneS,-a, the
formation rate constant for Cu™([14]aneS,-a) was originally
obtained by measuring the rate of formation in a series of
methanol-water mixtures and extrapolating to aqueous con-
ditions.* This value was later corroborated from the product of
the aqueous dissociation rate constant and complex stability
constant.*? In the current work, the Cu([14]aneS,-b) complex
formation rate constant was measured directly in aqueous solu-
tion using a 10- to 50-fold excess of Cu(m) to yield observed
pseudo-first-order rate constants in the range of 2 X 10?s™!. As
noted, the free ligand concentration was severely limited by its
solubility (=10 uM), thereby decreasing the sensitivity of the
measurements; and the Cu(i) concentration could not be
increased markedly due to the relative rapidity of this reaction.
Under the conditions used, the reaction proceeded only to
about 40% completion at the highest copper concentration
used (0.5 mM). These limitations resulted in a large standard
deviation for the resolved second-order formation rate con-
stant: kg," = (1.3 £ 0.4) x 10° M~' s!. However, this value was
considered to be sufficiently accurate for our purposes since the
same kinetic data generated a relatively precise dissociation
rate constant of £ = (1.6 = 0.1) x 10? s™! (obtained from the
intercept of k,),>> which, in turn, yielded a ratio of k¢, "7k, =
8.1 x 107 this latter value being within 25% of the stability
constant obtained independently from equilibrium measure-
ments. The formation rate constants for aquated Cu(m) reacting
with both the unprotonated and protonated forms of [14]-
aneNS;-a were determined previously from a kinetic study at
variable pH in aqueous media.’” A similar approach was used
for Cu™([14]aneNS;-b) by determining the trend in the apparent
formation rate constant over the range of pH 2.5-4.5, using our
recently developed non-complexing buffers.**® The specific
complex formation rate constants for both the unprotonated
(kcyb) and protonated (k™ ) ligand species were then resolved
according to the relationship: 3!
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Table 4 Specific formation rate constants for the reaction of aquocopper(11) ion with [14]aneS,-a, [14]aneS,-b, [14]aneNS;-a and [14]aneNS;-b at 25

°C, u=0.1 M (ClO,")

Ligand reacted 10 %k, M 7! 107 %k, MM 57! kT (calc.)/s™!
[14]aneS,-a 1.3¢ n.a. 0.18 x 10?*

[14]aneS,-b 1.3(4)¢ na. 2.4 % 10%,°1.6(1) x 1025/
[14]aneNS;-a 324 1.4¢ 0.18 x 10°2¢
[14]aneNS,-b 28(3)° ~2.4¢ 1.1x 1072

“ Extrapolated to aqueous solution from formation kinetics measured in methanol-water mixtures: ref. 36. * Measured directly in aqueous solution
using Hg(11) ion as a scavenger: ref. 42. ¢ This work; digits in parentheses are standard deviations (see Table 3). “ Ref. 35. ¢ Calculated from K¢, II; and
keo"./ Determined experimentally as the intercept in the plot of kqy vs. [Cu®*] (see ref. 35: eqn (7) and Fig. 3).

Table 5 Electron-transfer rate constants for Cu™'L systems reacting with selected counter reagents in aqueous solution at 25 °C, u=0.10 M

10k, (or ky )/ M~ !'s™!

Reagent* Cu([14]aneS,-a)’ Cu"([14]aneS,-b) Cu"([14]aneNS;-a) Cu"™([14]aneNS;-b)

Reductants

Co™(TIM)(H,0), 0.000075(4)

Ru"(NH,),(bpy) 4.80(4) 5.4(2)

Ru"(NH,)s(isn) 193) 50(10) 0.021(1),° 0.024(2) 0.088(1),c 0.127(6),¢
0.16(1),%,0.129(9)“

Ru"(NH;)s(py) 45(3) 0.134(8),°0.126¢ 0.30(2),° 0.46(1)¢

Oxidants

Ru™(NH;),(bpy) 0.98(3) 0.51(4)¢, 0.98(6)" 2.0 (6), 5.2(4)"

Ru™(NH,),(phen) 0.27(2), 0.15(1) 5.6(3),° 6.2(2)¢

Ni"([14]aneN,)(H,0), 4.5(4) 4.0(4), 5.2(6)

Ru'™(NHj),(bpy), 20(10) ~5%x10% Too fast to follow

Fe'™(4,7-dmphen), 72(24)

“The potentials, self-exchange rate constants and ion size parameters for all reagents are tabulated in ref. 2. *Ref. 2. *pH =~ 3.0 controlled
with PIPPS buffer. “ pH ~ 5.0 controlled with PIPBS buffer. ¢ This reaction rate is extremely fast and only an approximate rate constant could be

obtained.

k{Cu*'][L'] = k¢, [Cu* J[L] + k¢, [Cu® J[HL"]
or
kday = kCuL + KHmaHkCuHL (7

The resolved formation rate constants for all four Cu(ir) com-
plexes are listed in Table 4. This table also includes the values
for the apparent proton-independent dissociation rate constant,
k", as calculated from the relationship:

kT = koM K ®)

Electron-transfer kinetics

The electron-transfer kinetics for the reaction of Cu™([14]-
aneS,-a) with eight different counter reagents have been previ-
ously reported.! For each of the other three systems considered
in this work, the electron-transfer kinetics were studied with
two reductants (Ag.) and two oxidants (Ag,) as counter
reagents:

ki
Cu"L+ A, — Cu'L + A, ©)

The resolved cross-reaction rate constants, k,, and k,,, are
listed in Table 5.

For the systems involving the two NS; ligands, the electron-
transfer kinetics were studied at two different pH values, 3.0
and 5.0, to determine whether ligand protonation might be a
factor in these reactions. The ruthenium reagents used in this
work tend to be unstable at higher pH, giving rise to some
uncertainty in the k,, and k,; values measured at pH 5.0. Thus,
the discrepancies in some of the cross-reaction rate constant
values for the two NS, systems at the two pH values are attrib-
uted largely to experimental error in the values obtained at the
higher pH.
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Discussion

Complex conformations

The crystal structure of [Cu([14]aneS,-a)(Cl0O,),]** has previ-
ously been determined to exist in conformer III (Fig. 2). This
structure is consistent with structures reported for similar
[14]aneN,-a complexes with Cu(u) including [Cu"([14]ane-
N,-a)(H,0),]F,,'® [Cu([14]aneN,-a)(ClO,),]** and [Cu™([14]-
aneN,-a)Br,];"” and the same conformer is assumed to pre-
dominate for Cu"([14]aneNS;-a). By contrast, the crystal
structure for [Cu"([14]aneNS;-b)H,0](ClO,),, as determined
in the current work, reveals that the ligand is in conformer II
with the nitrogen orienting its hydrogen toward the side of the
macrocyclic ring opposite to the apical water molecule whereas
the unshared electron pairs on the three sulfur donor atoms are
directed toward the same side as the water molecule to generate
conformer II. The same general conformer has been found pre-
viously in the crystal structures for [Cu([14]aneN,-b)NCS]-
NCS? and [Zn"([14]aneN,-b)CI]C1O,.**** In those cases, the
nitrogen donor between the two ethylene bridges has its hydro-
gen oriented toward the apical ligand with the hydrogens on the
other three nitrogens oriented toward the opposite side (that is,
compared to Fig. 5, each donor atom in the [14]aneN,-b com-
plexes is oriented in the opposite direction relative to the apical
ligand). The similarity of the structures for these [14]JaneN,-b
complexes with that for Cu™([14]JaneNS;-b) strongly supports
the contention that the Cu®([14]aneS,-b) complex also preferen-
tially adopts conformer II, although we have been unable to
obtain a suitable crystal.

Relatively few crystal structures have been reported for Cu(r)
complexes with macrocyclic ligands. The crystal structures of
[Cu'([14]aneS,-a)]ClO,>* and a related derivatized Cu(l) com-
plex® proved to be polymeric. However, the electron-transfer
kinetic data for these complexes showed no evidence of
polymers in solution nor are such species likely to occur at the



low concentrations used in our studies. Our previous crystal
structure of [Cu'([14]aneNS;-a)]Cl0,* showed the ligand to be
in conformer V (Fig. 6) and the same conformer has also been
found in the Cu(l) complexes formed with two substituted
derivatives of [14]aneS,-a in which one of the ethylene bridges
was replaced either by trans-1,2-cyclohexane* or by trans-1,2-
cyclopentane.® A related macrocyclic pentathiaether complex
shows essentially the same structure.® Molecular mechanical
calculations also support the premise that conformer V is the
most stable conformation for monomeric Cu(r) complexes with
14-membered quadridentate ligands (vide infra). Thus, as indi-
cated earlier, it is presumed that conformer V dominates for all
of the Cu(1) complexes included in the current study.

Fig. 6 ORTEP drawing of the cationic unit in the crystal structure of
[Cu'([14]aneNS;-a]ClO, (from ref. 23) as a typical example of a reduced
complex in conformer V. Hydrogen atoms have been omitted for clarity.

Physical parameters

The kinetic data in Table 4 show that the formation rate con-
stants for the Cu(ir) complexes are virtually identical for both
of the S, complexes as well as for both of the NS; complexes.
For the NS; complexes, the rate-determining step for complex
formation is expected to be at the point of first-bond form-
ation®” and should, therefore, be uninfluenced by the chelate
ring sequence.”® For the S, macrocycles, the second-bond
formation (ring closure) has been hypothesized to represent the
rate-determining process, thereby accounting for the much
smaller formation rate constants.*® Although the strain involved
in closing five- and six-membered chelate rings differs, the
statistical probability of having the second-bond formation
involve either a five- or a six-membered chelate ring is essen-
tially identical for both the ¢ and » macrocycles. Thus, as
observed, the ring size sequence should have little influence on
the formation rate constants.

In the last stage of complex formation with these macrocyclic
ligands, the ligand must change from a folded (cis) to a planar
(trans) complex.’” Since this occurs after the rate-determining
step, it is not reflected in the formation rate constants. As a
corollary, however, an early step in complex dissociation must
involve the change from a planar to a folded complex as an
equilibrium step preceding the rate-determining step (Fig. 7).%
The observation that the k" values are larger for the com-
plexes with the b-variant ligands suggests that they adopt the
folded geometry much more readily.?’ Since molecular models
make it apparent that conformer III (or I) must convert to con-
former II before the complex can “fold” (Fig. 7),® the larger
k" values obtained for the b macrocyclic complexes repre-
sents supporting evidence for the hypothesis that these com-
plexes preferentially adopt conformer II in solution (as well
as in the crystalline state) since this conformer eliminates the
initial nitrogen donor inversion step. However, we note that the
increase in k“* is only seven-fold for the b-isomer complexes.

Fig. 7 Proposed scheme for the stepwise complex formation of
aquocopper(1l) ion reacting with a macrocyclic quadridentate ligand.
Of the fully coordinated species, species E-II represents a folded
complex and F-II, F-I and F-III are corresponding species in which all
donor atoms are in the same plane. The first step in complex
dissociation is either F-I — F-II or F-III — F-II which involves the
inversion of one donor atom. (Atom designations are identical to those
in Fig. 2.)

The foregoing interpretation is consistent with the work by
Liang and Chung®® on the rate of conversion of the blue
isomer of Cu"(tet-a) (vide supra), which is known to represent
conformer 11,% to the more stable red isomer, which exists in
conformer III. However, in those studies, a nitrogen donor
atom must undergo inversion and the need to abstract a hydro-
gen atom from the inverting nitrogen > vastly slows the rate of
conformational change as is evident from the pH dependence.
Although our two pairs of ligands may exhibit different levels
of strain for conformer II (due to the differences in their chelate
ring sequences), the relatively small difference in the k"™
values suggests that the energy barrier involved in the initial
conformer IIT — conformer II inversion step for the « ligands is
also relatively small.

Electron self-exchange rate constants

Each of the cross-reaction rate constant values (k;, and k,;) in
Table 5 were used to generate values for the apparent electron
self-exchange rate constant, k,,,

*Cu(ll) + Cu(l) === *Cu(il) + Cu(l) (10)
by means of the Marcus cross relationship: %
k)’ ky )
11 ( ]Z) 1= ( ZI—) (11)

= e - 2

kZZKIZ 12 (VVIZ) kZZKZIﬁ](WZI)
where k,, represents the self-exchange rate constant for the
counter reagent; K;, and K,, represent the equilibrium con-
stants for the overall reactions as calculated from the redox
potentials; f;, and f;; represent non-linear terms calculated from
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Table 6 Electron self-exchange rate constants for Cu™'L systems as determined with various counter reagents in aqueous solution at 25 °C,

u=0.10 M
log ky /M~ 's™!

Reagent Cu"([14]aneS,-a)“ Cu"([14]aneS,-b) Cu"™([14]aneNS;-a) Cu™([14]aneNS;-b)
Reductants
Co'(TIM)(H,0), 3.42
Ru™(NH,),(bpy) 3.79 2.2
Ru'(NH,)s(isn) 4.02 2.9 1.47,0 1.59¢ 2.21,02.532.71,2.54¢
Ru"(NH;)s(py) 3.89 1.74,1.69°¢ 1.96,>2.34¢
Oxidants
Ru™(NHj),(bpy) 2.58¢ 0.31,/0.88° 1.98,2.81°
Ru"™(NH;),(phen) 1.59, 1.05¢ 2.68.,2.78°
Ni"([14]aneN,)(H,0), 2.444 2.92,3.16
Ru™(NHj),(bpy), 0.1 ~3.1-4.9¢
Fe™(4,7-dmphen), —0.1

“Ref. 2.” pH ~ 3.1 controlled with PIPPS buffer. ¢ pH » 5.0 controlled with PIPBS buffer. ¢ The oxidation of Cu'([14]aneS,-a by Ru™(NH;),(bpy) and
Ni™([14]aneN,) showed evidence of gating (see ref. 2). ¢ The very large experimental second-order rate constants for this reaction (approaching 10%
M™'s7!) resulted in a large uncertainty in the calculated k,, values for the Cu(1/1) complex.

the other parameters; and W, and W, represent electrostatic
work term corrections.!

As noted in the Introduction, our earlier studies on Cu
([14]aneS,-a)! and related systems,>”% have shown that their
electron-transfer kinetic behavior is consistent with a mech-
anistic scheme in which a major conformational change and the
electron-transfer step occur sequentially rather than concertedly
to yield at least two competing pathways, A and B, (Fig. 1). For
most of the systems studied to date, the overall behavior indicates
that pathway A is preferred, implying that intermediate P is more
stable than Q. As the driving force of the oxidation reaction
is increased—Dby (i) increasing the potential differences between
the reactants, (ii) increasing the self-exchange rate constant of
the counter reagent, or (iii) increasing the concentration of
the counter reagent—it is possible to reach a point where the
electron-transfer rate exceeds the rate of the conformational
change itself (R — P). Under these circumstances, the first-
order conformational change may become rate determining
so that the oxidation reaction rate via pathway A cannot be
increased further and the reaction is said to be “gated”.®" As the
driving force is increased further, the reaction ultimately
switches to pathway B as shown by the markedly smaller &,
values for Cu™([14]aneS,-a) reacting with the two strongest
oxidants, Ru™(NH,),(bpy), and Fe"(4,7-dmphen), (Table 6).

I

Kinetic implications of comparative k,, values

For each of the three Cu(1/1) systems for which the electron-
transfer kinetics were determined in this study, the k,; values
calculated from all oxidation and reduction reactions are con-
sidered to be consistent within experimental error (Table 6).
This indicates that all reactions are proceeding by the dominant
pathway which, based on our earlier studies, is presumed to be
pathway A. It is particularly interesting to note that, for the
Cu™([14]aneS,-b) system, the second-order rate constant for
the oxidation of Cu'([14]aneS,-b) with Ru™(NHj,),(bpy),
approached 108 M ' s! without showing any indication of rate-
limiting behavior attributable to ligand conformational change.
This suggests that the R — P transformation is exceptionally
rapid with this system.®

In a recent comparative study on eight closely related Cu™L
systems, including Cu™{([14]aneS,-a), under conditions where
both pathway A and pathway B (Fig. 1) were evaluated, we
observed a variation of nearly 10° among the 16 individual
self-exchange rate constant values, k,;.” However, resolution
of the rate constants for the specific Cu(1/1) electron-transfer
steps (horizontal reactions in Fig. 1) *O + P—*P + O and *Q
+ R = *R + Q revealed that 13 of the 16 values were within
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the range of 10°-10° M ! s”'—that is, within a factor of ten—a
variation which is generally conceded to represent the experi-
mental limits for reproducing such values when utilizing vari-
ous reagents. If we assume that the rate constant for the
electron-transfer step is within this same range (ie., 10°-
10° M~! s7") for the systems included in the current study, then
the deviations of the resolved k;, values from this range should
reflect the magnitude of the reorganizational energy involved in
the ligand conformational changes.

As noted in the Introduction, the ligand conformational
change (via either pathway A or B) should involve the inversion
of two coordinated sulfur donor atoms for a system in which
the Cu"L complex exists predominantly in either conformer
I or conformer II1,"* but only one donor atom is required to
invert for a system in which the stable Cu™L complex is in
conformer II. Thus, our initial premise was that the systems
involving the b isomers should undergo more rapid overall
electron transfer if the reorganizational barrier for the IIT — II
(or I = II) conformational change were significant. For the
two NS; ligands, the k;; value for Cu™([14]aneNS;-b) is essen-
tially 10-fold larger than for Cu™{([14]JaneNS;-a). Although
this difference is not large, we note that it closely parallels the
difference in the two dissociation rate constants, which was
earlier attributed to the fact that the a isomer had to undergo an
extra donor atom inversion in the first stage of the dissociation
process, presumbly representing conformer 111 = conformer II.
However, the two S, ligand complexes show the opposite trend,
at least insofar as the reduction reactions are concerned. Since
the &y, values for the Cu(11/1) systems with the two b isomers are
virtually identical, it appears that the k,, value for Cu™([14]ane-
S,-a) is anomalously large in this series. This result was entirely
unexpected and is difficult to rationalize.

We have attempted to generate approximate molecular
mechanical calculations for each of the dominant conformers
for all four Cu"L and Cu'L complexes. Several approaches have
been tried and none are entirely satisfactory since the Cu-S
force constants, in particular, are not known. However, we have
found that a reasonably consistent set of relative strain energies
can be generated using Chem3D Plus. In this approach it is
assumed that, since the same type of bonds are involved in all
four systems, the relative magnitude of the residuals which
remain upon strain minimization reflects the relative strain
existing within the conformer. As listed in Table 7, these
qualitative values indicate that conformers I, II and III are
much more stable than conformer V for the Cu"L complexes.
(In making comparisons, it should be noted that the calcu-
lations are not sufficiently precise to distinguish between the
relative stabilities of conformers I, II and III for the Cu"L



Table 7 Summary of residual strain energies for copper(i1) and copper(1) complexes with [14]aneS,-a, [14]aneS,-b, [14]aneNS;-a and [14]aneNS;-b

Conf'I Conf ITA“ Conf IIB® Conf IIC* Conf 11T Conf V

Copper(1r)

[14]aneS,-a 3.08 9.11 - - 4.53 24.93

[14]aneS,-b 4.78 14.18¢ 10.12° 10.81¢ 9.56 27.10

[14]aneNS;-a 4.90 6.40¢ 8.84¢ 9.88/ 5.35 NO¢#

[14]aneNS3-b 7.01 9.97¢ 8.03° 13.04¢ 7.56 NO#
Copper(1)

[14]aneS,-a 43.29 32.10 - - 62.65 16.72

[14]aneS,-b 39.49 24.44¢ 28.70° 33.48¢ NO¢# 16.02

[14]aneNS;-a 41.19 27.49¢ 28.93°¢ 21.01/ 56.94 14.51

[14]aneNS;-b 44.26 25.7¢ 31.08° 24.01¢ NO¢# 15.98

“ For the [14]aneS,-b and [14]aneNS;-b complexes, the unique donor atom in Conf IIA is the one adjacent to the 5,5 linkages (i.e., N in the case
of [14]aneNS;-b). * For the [14]aneS,-b and [14]aneNS;-b complexes, the unique donor atom in Conf 1B is the sulfur adjacent to the 5,6 linkages.
¢ For the [14]aneS,-b and [14]aneNS;-b complexes, the unique donor atom in Conf IIC is the sulfur adjacent to the 6,6 linkages. ¢ For the [14]ane-
NS;-a complexes, the unique donor atom in Conf IIA is nitrogen. ¢ For the [14]aneNS;-a complexes, the unique donor atom in Conf IIB is the sulfur
closest to the nitrogen. / For the [14]JaneNS;-a complexes, the unique donor atom in Conf IIC is the sulfur furthest from the nitrogen. ¢ The strain

energies for these conformers could not be minimized.

species.) In fact, for the two NS; ligands, the oxidized complexes
could not be minimized in conformer V without “freezing” the
positions of three or more atoms. The data also support
the premise that conformer V is the most stable geometry
for the Cu'L species and conformer II appears to be much
more stable than either conformer I or III for these reduced
species.

All of the kinetic data obtained in this study, in conjunction
with the qualitative molecular mechanical calculations are con-
sistent with our earlier postulate'® that the II = V inter-
conversion represents the discrete conformational step during
the overall electron-transfer reaction, that is, the latter con-
formational change is presumed to represent the dominant
energy barrier for both vertical steps in Fig. 1. This implies that,
in the case of the Cu(i/1) systems involving the a isomers,
species O represents the (rapidly) equilibrated mixture of con-
formers III (or I) and II, and intermediates P and Q represent
conformers II and V, respectively. The apparently anomalous
behavior of the system involving [14]aneS,-a may be attribut-
able to a smaller barrier in the II — V conformational change,
but this hypothesis cannot be confirmed on the basis of data
currently available.
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