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Kinetic studies have been conducted in acetonitrile on the electron-transfer reactions of five copper(ll/) complexes
involving ligands in which either a benzene or a cyclohexane ring, or both, have been substituted into the ligand
backbone of the 14-membered tetrathiamacrocycle [14]an&Be specific ligands utilized in this work include
2,3-benzo-1,4,8,11-tetrathiacyclotetradecane (bz-[14}an2S+rans-cyclohexano-1,4,8,11-tetrathiacyclotetrade-
cane f{ranscyhx-[14]ane%), 2,3-benzo-9,1@ranscyclohexano-1,4,8,11-tetrathiacyclotetradecane trdozs
cyhx-[14]ane$), 2,3-benzo-9,1@is-cyclohexano-1,4,8,11-tetrathiacyclotetradecanei®zyhx-[14]ane%), and
2,3<is-9,104rans-dicyclohexano-1,4,8,11-tetrathiacyclotetradecasis, fransdicyhx-[14]ane$). Each Cl'L

system has been reacted with three separate reducing agents and three separate oxidizing agents to examine the
effect of driving force upon the kinetic parameters. The Marcus relationship has been applied to each cross-
reaction rate constant to estimate the apparent self-exchange rate cdastdot,each CtY'L system. For all

but one of the five systems, the; values obtained from the three reduction reactions are in virtual agreement
with the corresponding value obtained for the oxidation reaction with the smallest driving force. As the driving
force for CUL oxidation increases, a smallky; value is calculated for each system. This behavior is consistent
with our previously proposed dual-pathway square scheme mechanism in which a significant conformational
change occurs as a separate step preceding electron transfer in the cade ofi@ation. Although direct
observation of conformationally-gated electron transfer was not attained for any of the five systems included in
the current work, limits for the rate constant for conformational change have been estimated from the conditions
required to change the apparent pathway for the oxidation kinetics. These limits show thatltreo@plex
involving a single phenyl substituent (bz-[14]ang8&xhibits a much slower conformational change than do any

of the other systems included in this study. The implications of this observation are discussed.

Introduction PATHWAY A
In earlier studies we have examined the electron-transfer KAz

kinetics of copper(ll/l) complexes involving macrocyclic tetra- ARed + clL o)== culL® + A ox

thiaether ligands in their reactions with selected oxidizing and k2a

reducing agent%.® As a general rule, the reaction kinetics have koqlkqQo Kpr||kRrp

been shown to correspond to a dual-pathway square scheme

m_echanlsm in which conformational ch_ange occurs seguentlally ARea + CullL(Q) =—= CulL(R) + Agy

with the electron-transfer step. As illustrated in Figure 1, k

pathway A represents the preferred pathwéyr all systems
observed to datewherein the major conformational change
occurs in the ClL species. Under appropriate conditions, the

PATHWAY B

Figure 1. Dual-pathway square-scheme mechanism fdf Calectron-
transfer reactions wheregfy and Aoy represent the counter reductant

specific process 'nYON'ng conformational qhqnge—(RP) of . and oxidant, respectively. Species'C(O) and CUL(R) represent the

the reductant can itself become the rate-limiting step during thermodynamically stable species, while'€(Q) and CUL(P) are
oxidation, leading to a condition designatedgagedelectron metastable intermediates which are presumed to differ in conformation
transfer’ from the ground-state species. Previous work indicates that intermediate

In recent workl we examined the effect of incorporating P is more stable than intermediate Q for the [14]arsSies of ligands

either acis- or trans-cyvclohexane ring into the ligand backbone  S° that pathway A is generally preferred. Howe\_/er, under conditions
y 9 9 where the rate constant for the-R P conformational changégp,

® Abstract published ifdvance ACS Abstractsune 15, 1997. becomes rate limiting for pathway A, the reaction can be forced to
(1) For paper 1 in this series, see: Salhi, C. A.; Yu, Q.; Heeg, M. J.; Switch to pathway B.
Villeneuve, N. M.; Juntunen, K. L.; Schroeder, R. R.; Ochrymowycz,
L. A.; Rorabacher, D. Blnorg. Chem.1995 34, 6053-6064. of our primary reference ligand, [14]ane@0 in Figure 2), on
(2) (a) Wayne State University. (b) University of Wisconsigau Claire. P . y . . 9  [14] 9 ), o
(3) Martin, M. J.: Endicott, J. F.. Ochrymowycz, L. A.. Rorabacher, D. the premise that this might be expected to alter the ability of
B. Inorg. Chem.1987, 26, 3012-3022. the ligand to undergo conformational change from the tetrahedral
(4) Meagher, N. E.; Juntunen, K. L.; Salhi, C. A;; Ochrymowycz, L. A;; - coordination preferred by Cu(l) to the tetragonal or square

Rorabacher, D. BJ. Am. Chem. S0d.992 114, 10411-10420. -
(5) Leggett, G. H.: Du‘ﬂm' B. C.: Vande Lindg,A. M. Q.. Ochrymowycz, pyramidal geometry preferred by Cu(ll). For the preferred

L. A.; Rorabacher, D. Blnorg. Chem.1993 32, 5911-5918. pathway A, the two cyclohexanediyl-substituted ligands resulted
(6) Meagher, N. E.; Juntunen, K. L.; Heeg, M. J.; Salhi, C. A.; Dunn, B. in CU"'L self-exchange rate constanks() which differed by

<. Ochiymowyez, L. A Rorabacher, D. Borg. Chem1994 33, 30-fold, the cis-cyclohexanediyl derivative (L2) exhibiting a
(7) Hoffman, B. M.; Ratner, M. AJ. Am. Chem. Sod.987, 109, 6237 6-fold increaserelative to the unsubstituted [14]aneS

6243. complex—while the trans derivative (L3) yielded a 5-fold
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Table 1. Formal Potentials and Stability Constants for Copper(li/1)
Complexes with Substituted 14-Membered Cyclic Tetrathiaethers

™ M ™ Q

[S s] 05 S] O‘s Sj O‘\ j and the Visible Spectral Parameters of the Copper(ll) Complexes in
s s S S AR AN Acetonitrile at 25°C with x = 0.10 (CIQ™)?
NG N N N

complexed E, log log Amax NM Amax NM
Lo L1 L2 L3 ligand VvsFE®  Kedr  Kedur (1073%) (1073%)

LO 0.21 10.8 420 390(8.52) 560 (2.0)
Y l/\ (\ L1 0.46 7.8 5.43 384 (4.97) 580 (2.0)
S s S 5, s, L3 0.20 12.2 5.43 392 (11.5) 538(2.0)
C[ O C[ O O‘ O L5 0.38 92 548 391(652) 562 (2.4)
~ L6 0.39 9.7 6.18 393(6.19) 562 (2.5)
U U U L11 0.140 13.3 546 394(9.71) 548(2.2)
L5 L6 L11 a All data are from ref 82 All potential values in acetonitrile are

) i ) ] ] ] referenced to ferrocene for which the formal potential is assumed to
Figure 2. Ligands discussed in this work. Ligand numbers are phe Ef = 0.340 V vs the normal hydrogen electrode (Koepp, H.-M.;

correlated to ref 8. Wendt, H.; Strehlow, HZ. Elektrochem196Q 64, 483-491).
decrease. Surprisingly, however, neither derivative significantly cyclotetradecanedesignated as ligand L1 in Figure 2). We
altered the rate constant for conformational chakge(Figure have also restudied the Cu(ll/l) system involving the corre-
1). spondingtrans-cyclohexanediy! derivative (2,8ans-cyclohex-

It was suspected that the substitution of a benzene ring into ano-1,4,8,11-tetrathiacyclotetradecan&3) in acetonitrile for
the macrocyclic ligand structure might cause greater changescomparison to our earlier aqueous results. In addition, we have
in the electron-transfer and conformational rate constants dueexamined the effect of incorporating both a benzene ring
to its greater rigidity and the negative inductive effect of the bridging the 2,3 positions in [14]ang®lus either a bridging
benzene ring. Our attempts to include the corresponding phenylcis-cyclohexane ring (2,3-benzo-9, t&-cyclohexano-1,4,8,11-
derivative (L1) during the previous aqueous study were thwarted tetrathiacyclotetradecameL5) or trans-cyclohexane ring (2,3-
by the limited solubility of the phenyl-substituted ligand in benzo-9,10rans-cyclohexano-1,4,8,11-tetrathiacyclotetrade-
aqueous solution as well as by the extreme weakness of thecane= L6) at the 9,10 positions. As a final comparison to
resulting ClL complex. However, independent thermodynamic these latter derivatives, we have also included the disubstituted
studies on both the phenyl and cyclohexanediyl substituted [14]- [14]ane§ ligand involving acis-cyclohexane ring at the 2,3
ane$ ligands have revealed that the solubility of these ligands bridge and &rans-cyclohexane group at the 9,10 bridge (2,3-
improves significantly in acetonitrile and the stability constants cis-9,104rans-dicyclohexano-1,4,8,11-tetrathiacyclotetra-
of the Cu(ll) complexes increase by 6 orders of magnitude decane=L11). The previously determined properties of these
relative to aqueous valu@sThus, by using acetonitrile as a  Six Cu"'L complexes are compared in Tablé!1.
solvent, it is feasible to prepare both Cu(ll) and Cu(l) complexes By applying the Marcus relationsHipto the experimental
involving phenyl-substituted ligands. cross-reaction rate constants, we have been able to generate the

As we have demonstrated in our previous studies, the values of the apparent self-exchange rate constants for all five
investigation of a Cu(ll/l) complex system, in terms of its Cu(ll/l) systems included in this work under varying conditions.
conformance to a square scheme mechanism, is facilitated byThese values then permit a thorough examination of the
the availability of a variety of oxidizing and reducing reagents. influence of phenyl substitution upon the kinetics of electron
In a very timely review, Wherlarfdhas summarized the transfer in cyclic Cu(ll/l)-tetrathiaether systems.
available published data on the self-exchange rate constants for . .
a number of metal complexes in acetonitrile which are suitable =XPerimental Section
as oxidizing agents for our studies. Using the available literature  Reagents. The acetonitrile utilized in this work was purchased from
data, we have recently generated self-exchange rate constantkisher Scientific (HPLC grade) and was used as received. Karl Fischer
for additional reagents using selected cross reactbmss part titrations indicated that the water content did not exceed 0.017% w/w
of the same work, we examined the electron-transfer cross- (about 7 mM) even after the bottle had been opened f68 eeks.
reaction kinetics of several counter oxidants and reductantsNC attempt was made to dry the solvent since previous studies have
reacting with Cl¥([14]ane$) in acetonitrilel® The results shown that adding amounts of water up to 3% (w/w) had no effect

S . upon the electron-transfer kinetits.
indicate that the self-exchange rate constant for this reference The syntheses for all cyclic tetrathiaether ligands included in this

Cu(li/f) system is virtually identical in water and in acetonitrile, \york have already been descritedihe determination of the stability
particularly after corrections are made for the differences in the constants for both the €L and CuUL complexes as well as the €L

solvent dielectric. This indicates that acetonitrile can readily formal potentials in acetonitrile with all five ligands have also been
be used for obtaining comparable data on the electron-transferreported® The sodium perchlorate used to control the ionic strength
kinetics of Cu(ll/1) systems which, due to limitations imposed atu = 0.10 was prepared from HCl@nd NaOH as previously notéd
by solubility and/or complex stability, cannot be studied directly and then recrystallized from acetonitrile before use. Copper(ll)
in water. perchlorate was prepared by the dropwise addition of H@Gsolid
In the current work, we have investigated the electron-transfer CuCQ; until all the solid had dissolved. The resulting solution was
LT o - boiled to reduce the volume and cooled in an ice bath to obtain
i(};ne“ﬁs' Irll gceto?.lmle’f Og-Atfhe C;ﬂ(l”/?].cﬁr?ﬁleé formed \.Nlth crystalline Cu(ClQ).:6H,O which was then collected on a Buchner
b 'edp enyth erl\éaslve 0 '[t' ]ana(z ;Vblc i 4e8niinte t””t%_ funnel by vacuum filtration. \Warning! Metal perchlorate salts are
ridges e 2,3 positions ,3-benzo-1,4,8,11-tetrathia-

(11) The numbers assigned to the various ligands in Figure 2 correspond

(8) Aronne, L.; Dunn, B. C.; Vyvyan, J. R.; Souvignier, C. W.; Mayer, to the numbering system used in the previous publication on the
M. J.; Howard, T. A.; Salhi, C. A,; Goldie, S. N.; Ochrymowycz, L. thermodynamic properties of the L systems: Reference 8.
A.; Rorabacher, D. Blnorg. Chem.1995 34, 357-369. (12) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265—

(9) Wherland, SCoord. Chem. Re 1993 123 169-199. 322.

(10) Dunn, B. C.; Ochrymowycz, L. A.; Rorabacher, D.IBorg. Chem. (13) Cooper, T. H.; Mayer, M. J.; Leung, K.-H.; Ochrymowycz, L. A.;

1995 34, 1954-1956. Rorabacher, D. Blnorg. Chem.1992 31, 3796-3804.
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Table 2. Formal Potentials, Electron Self-Exchange Rate
Constants, and Spectral and Size Parameters for Reagents As
Applied to Acetonitrile at 25C with ¢ = 0.10 (CIQ")

Ef,Vvs 10°r, Amaxe NM
reagent Fcab koo, Mst  cm (1073%)
Reductants
Co'(bpy) —0.076  0.645 7.¢
Ru'(NHz)4bpy 0.127 550« 10P> 4.4 295 (32§
RU'(NHg)sisn —0.012 4.71x 1P> 3.8° 478(11.9)
Oxidants
Mn'" (bpyQy)s 0.442 8@ 4.0 362 (10%
Ni''((14)ane9) 0.591 3.3x 10°f 3.6 308 (11¥%
Fe'(4,7-Mephen) ~ 0.538 2.7x 107! 6.6 512 (14F
Fée''(bpy) 0.669 3.7x 10°! 6.0 522 (8.65)

a All potential values in acetonitrile are referenced to ferrocene.
b Reference 10 Tsukahara, K.; Wilkins, R. Glnorg. Chem.1985
24, 3399-3402.9 Reference 3¢ Brown, G. M.; Sutin, NJ. Am. Chem.
Soc.1979 101, 883-892. Shepard, R.; Taube, Hhorg. Chem1973
12, 1392-1401.9 Macartney, D. H.; Thompson, D. W. Chem. Res.
Synop1992 344—-345." Morrison, M. M.; Sawyer, D. Tlnorg. Chem.
1978 17, 338-339.1 Macartney, D. H.; Mak, SCan. J. Chem1992
70, 39—-45.1 Fairbank, M. G.; Norman, P. R.; McAuley, Anorg.
Chem.1985 24, 2639-2644.% Zeigerson, E.; Ginzburg, G.; Schwartz,
N.; Luz, Z.; Meyerstein, DJ. Chem. Soc., Chem. Commi879 241—
243.' Chan, M.-S.; Wahl, A. CJ. Phys. Chenil978 82, 2542-2549.
™ Brandt, W. W.; Smith, G. FAnal. Chem1949 21, 1313-1319.

potentially explosie and should be handled with care; they should
never be heated to drynegs!Stock solutions of Cu(Clg). were

prepared by dissolving the hydrated salt in acetonitrile and then adding

water before titrating with a standard EDTA solution. At the Cu(ll)

concentration levels used for the kinetic experiments, the amount of

water introduced from the hydrated salt was considered to be

insignificant since small amounts of added water have previously been

shown to have no effect upon the Cu(ll/l) electron-transfer kinetics
(vide suprd. The Cu(l) perchlorate salt, CuCI&@CHCN, was
prepared by crystallization from acetonitrile using the method of
Hathaway et al* For standardization of Cu(GE&N),* solutions in
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all five CuU'L complexes, the reduction kinetics were studied
using Cd (bpy)s, RU'(NHz)4bpy, and Rli(NH3)sisn as reducing
agents®® However, the reaction of C{(L1) with the last reagent
proved to be too fast to measure. For alllCcomplexes except
the L1 system, the reaction kinetics were studied using
Mn'"(bpyQy)s, Ni''([14]aneN), and Fé&'(4,7-Mephen)} as
oxidizing agentd® In the specific case of C{L1), the latter
two oxidizing agents were used along with"Kbpy)s.

Approximately twelve replicate kinetic runs were measured
for each set of conditions with four or five different concentra-
tion levels being utilized. Slower reactions were generally run
under pseudo-first-order conditions with either reactant in large
excess. The resulting pseudo-first-order rate constants were in
the range of 0.£200 s*. Faster reactionsparticularly for
those with second-order rate constants in the range %fol®
x 10/ M~1 s~1—were studied using second-order conditions (i.e.,
neither reagent in notable exce&%)For each set of reactants,
the kinetics were studied under conditions where the reaction
half-life was varied by at least 5-fold.

The resolved second-order rate constants for all 30 reactions
included in this study are tabulated in Table 3 along with the
corresponding data previously reported fofg[14]ane9) (i.e.,
Cu"(L0)) in acetonitrile!® Standard deviations (relative to the
last digit listed) are given in parentheses. In all cases, the
oxidizing and reducing agents are listed in order of increasing
driving force (i.e., increasing; -k, products) so that the reaction
rate constants tend to increase significantly proceeding down
the column within each category.

Discussion

As in our earlier studi€she Marcus square root relationship
was applied to all cross-reaction rate constants to permit the
calculation of the apparent self-exchange rate constantor
each of the C¥{'L systems. In the making of these calculations,

acetonitrile, excess aqueous EDTA can be added with aeration (resultingthe parameters utilized included the'€wu potentials in Table

in the immediate oxidation of Cu(l) to Cu(ll)) followed by back-titration
with aqueous Cu(ll).

Solutions of CUL and CUL were prepared by mixing the appropriate
copper salt with an excess amount of ligand. In preparing. Ghe
two constituent solutions were first purged with nitrogen before mixing.

All oxidizing and reducing counter reagents were prepared in
acetonitrile as previously describ&dThe concentrations of the counter

reagent solutions were generally determined spectrophotometrically.

1 and the potentials, self-exchange rate constants, and ion size
parameters for the counter reagents as listed in Table 2. For
the CW'L systems, a constant ion size parameter ofs¢ 108

cm was utilized for simplicityl” The logarithmicky; values
obtained from the Marcus calculations are tabulated in Table
4. In all cases, both the reducing and oxidizing reagents are
arranged in order of increasing driving force.

The formal potentials and major absorbance peaks for each reagent Comparison to Aqueous Values. In our earlier study on

utilized are listed in Table 2.

Instrumentation. All kinetic measurements were made with a
Durrum D-110 stopped-flow spectrophotometer equipped with a newly-
modified flow system, designed and built by Tritech Scientific Ltd. of
Winnipeg, Manitoba, Canada. This flow system contained all Teflon

the electron-transfer kinetics of the ¥#({14]aneS) system in
acetonitrilel® we noted that the calculateklireq and the
limiting ku1ox) values for this system were 2- to 3-fold smaller
than the corresponding values obtained earlier in aqueous
solution®* When corrections were made to account for the

gaskets, avoiding the leakage problems inherent when using acetonitrile e . -
in the original rubber gasket system. The temperature was maintained€l/ectrostatic differences due to the difference in the solvent

at 25.04 0.2 °C using a circulating water bath. The instrument was dielectric constants, the values for the two solvents were well
interfaced to an Insight 486 PC for data collection. within experimental error.

Results (15) Reagent abbreviations are as follows: bpy2,2-bipyridine, isn=

isonicotinamide, bpy®= N,N'-dioxo-2,2-bipyridine, [14]aneN =
1,4,8,11-tetraazacyclotetradecane (cyclam), and 4 pham= 4,7-
dimethyl-1,10-phenanthroline.

In independent studies, we have shown that rapid second-order kinetics
can be obtained using the stopped-flow method for reactions having
rate constants as large a1 s~ (Dunn, B. C.; Meagher, N. E.;
Rorabacher, D. BJ. Phys. Chem1996 100, 16925-16933). The
modified stopped-flow instrument used in the current study actually
has a slower filling time (ca. 10 ms) so that the upper limit on second-
order rate constants is in the range 0k310 M1 s71,

Molecular models indicate that, on the basis of the criteria established
earlier for estimating ion size parameters (see ref 3), the value will
increase only to about 5 108 cm for the dicyclohexanediyl-
substituted complexes. This will not result in a significant change in
the calculations foki1.

Kinetic Measurements. As has been our practice in previous
studies on CH'L electron-transfer kinetics, both the reduction
and oxidation kinetics were determined for each system using (16)
multiple counter reagents:

[3
CU'L + AgeqT— CUL + Ao, 1)

All reactions were first order with respect to each reactant. For n

(14) Hathaway, B. J.; Holah, D. G.; Postlethwaite, J.JD.Chem. Soc.
1961 3215-3218.
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Table 3. Resolved Second-Order Rate Constants at@% = 0.10 (CIQ"), in Acetonitrile for All Reactions Included in This Work

ki2 or ko1 (M~1 s71) for cross reactions between counter reagent addlCu

reagent Ci'(Lo)e Cu(L1) Cu"(L3) Cu"(L5) Cu"(L6) Cu"(L11)

Reductants

Cd'(bpy) 5.7(2) x 108 2.0(1)x 10° 1.1(1)x 10° 6.5(6)x 10 5.0(1)x 10 4.4(3)x 16

RuU'(NHz3)4bpy 2.7(6)x 10° 7.0(5) x 1¢° 6.9(7) x 10* 2.9(6) x 1¢° 3.8(9)x 1¢° 9.3(3)x 10

RU'(NHa)sisn 2.6(1)x 1C° >3x10¢ 1.0(3)x 10° 1.8(3)x 107 1.5(5)x 107 1.1(1)x 106
Oxidants

Mn'"'(bpyOy)s 4.2(3)x 10¢ 2.3(1)x 10 1.71(4)x 1¢® 2.86(9)x 10° 1.07(6)x 10°

Ni" ([14]aneN) 1.52(8)x 10 3.4(2)x 1¢® 1.2(1)x 10° 9.0(2)x 10* 9.8(2)x 10* 6.7(7)x 108

Fe''(4,7-Mephen) 8.2(6)x 10° 5.6(4) x 10 3.2(2)x 108 2.8(1)x 10° 3.5(2)x 10 5.1(3) x 10°

Fe' (bpy)s 2.2(1)x 108 1.66(7)x 10

aValues in parentheses refer to the standard deviation in terms of the last integer shown; thus,<1 B&(/@presents (1.66- 0.07) x 10°.
b All data for the LO system are from ref 10Reaction was too fast to measure; value shown is lower limit.

Table 4. Calculated Logarithmic Self-Exchange Rate Constants for Copper(ll/l) Systems°@}, 25— 0.10, in Acetonitrile As Calculated

from All Cross Reactions Included in This Work

log kiz (M~1s7%) for Cu"'L

reagent Cl'(LO)2 Cu(L1) Cu"(L3) Cu"(L5) Cu"'(L6) Cu'(L11)
Reductants
Cad'(bpy) 3.24 2.90 1.83 2.81 274 3.85
Ru'(NHg)4bpy 3.55 2.80 2.44 2.98 3.36 3.52
Ru'(NHag)sisn 3.53 2.46 2.73 2.68 3.44
Oxidants
Mn" (bpyQy)s 3.23 2.60 3.23 351 3.25
Ni'"([14)aneN) 0.63,0.34 0.81 2.30 2.60 2.53 3.30
Fé'(4,7-Mephen} —1.02,-0.50 0.73 0.50 1.02 1.06 0.24
Fe''(bpy)s —0.65 0.54
Estimated Limits for the Rate Constant for Conformational Change R
log krp (579 1.7 <-05 >2.3 >2.2 >2.2 >2.2(?)

aReference 10 Based on both cross-reaction and electrochemical studies in agueous solution: (a) Reference 4. (b) Robandt, P. V.; Schroeder,

R. R.; Rorabacher, D. Bnorg. Chem.1993 32, 3957-3963.

The current results obtained in acetonitrile for the"qL3)
system (i.e., thérans-cyhx derivative) yielokiiredyandKkii(ox)
values which are similarly about 2- to 5-fold smaller than the
values previously obtained in agueous solution: Kogred)=
3.2 and limiting logki1(ox)~ 1.0 Corrections for the solvent

cross-reaction studies. All five of these previous values are
equivalent to, or exceed, the rangekef values we have found

for the systems included in the current study. Although
Stanbury and Wilson’s systems appear to remain five-coordinate
in both oxidation states, they have found some evidence for

dielectric would again bring these values into reasonably close conformational change in at least one of theitlCzomplexes

alignment. This observation adds additional veracity to our
contention that, to a first approximation, the electron-transfer
kinetic data for these C{iL systems may be considered
comparable in water and in acetonitritthat is, specific
solvation effects are not a significant factor for this class of
Cu(ll/1) complexes in these two solvents.

Only five additional Cu(ll/l) electron-transfer studies have
been reported previously in acetonitrile. Doine, Yano, and
Swadd|é® obtained a value of logg; = 3.7 for the CU'L,
complex formed with 2,9-dimethyl-1,10-phenanthroline as
determined from NMR line-broadening measurements. A
similar value was obtained by Swaddle and co-workers for the
bis complex formed by copper(l)/l) with a substituted, conju-
gated dipyrrole ligand which is thought to be tetrahedral in both
oxidation state$? Stanbury, Wilson, and co-workéfs22 have
studied three ClIL systems involving acyclic ligands containing
five unsaturated nitrogen donor atoms and obtainedkqg
values in the range of 3:24.5, using both line-broadening and

(18) Doine, H.; Yano, Y.; Swaddle, T. Whorg. Chem1989 28, 2319~
2322.

(19) Metelski, P. D.; Hinman, A. S.; Takagi, H. D.; Swaddle, T. @an.
J. Chem.1995 73, 61—69.

(20) Goodwin, J. A.; Stanbury, D. M.; Wilson, L. J.; Eigenbrot, C. W.;
Scheidt, W. RJ. Am. Chem. S0d.987 109, 2979-2991.

(21) Goodwin, J. A.; Wilson, L. J.; Stanbury, D. M.; Scott, R. lAorg.
Chem.1989 28, 42-50.

(22) Coggin, D. K.; Gonzalez, J. A.; Kook, A. M.; Bergman, C.; Brennan,
T. D.; Scheidt, W. R.; Stanbury, D. M.; Wilson, L. [horg. Chem.
1991, 30, 1125-1134.

The fact that all five studies cited above showed no evidence
for a square scheme mechanism does not rule out the existence
of such a scheme since these workers did not alter the driving
force conditions by a significant amount.

General Mechanistic Behavior. For each specific ClL
system, the self-exchange rate constants obtained with the three
different reducing agentX{ireq) are found to be consistent
within the presumed limits of experimental error (Table 4). For
all CuL complexes except C{L1), the slowest oxidation
reactions yield calculated;;ox values which are also in
agreement with the values obtained for the correspondirig. Cu
reductions. However, as the driving force of thélCoxidation
reactions increases, the calculategox) values are observed
to decrease by 1.5 to 3 orders of magnitude, depending upon
the specific system involved. This pattern of behavior is
consistent with the dual-pathway mechanism shown in Figure
1 where the intermediate P is more stable (or less unstable) than
intermediate Q. Thus, thie1req)values and the largdei(ox)
values are presumed to be representative of pathway A,
designated akii(a), while the smallekiyox) values represent
the characteristic self-exchange rate constant for pathway B,
Ki1(e).

The phenyl groups in L1, L5, and L6 might be expected to
exhibit a significant negative inductive effect upon the proximal
sulfur donor atoms as indicated by the much smallefLCu

(23) Coggin, D. K.; Gonzalez, J. A.; Kook, A. M.; Stanbury, D. M.; Wilson,
L. J. Inorg. Chem.1991, 30, 1115-1125.
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stability constants previously determined for these complexes Ni(lll) concentration utilized in these studies (8:41075 M)
(Table 1). Yet all three of these systems exhibita) andkiig) yields a maximum limiting value ofrp < 0.3 s* (or log kgp
values which are nearly identical to those obtained for the L3 < —0.5; see Table 4).
system, in which no phenyl group is present. The slightincrease For the other four CilL complexes included in the current
in thekaiy(a) value for the L11 system is reminiscent of the similar study, the cross-reaction data with'{j14]aneN,) indicate that
increase noted in our earlier aqueous system for the L2 systemthe reaction is proceeding entirely by pathway A. For systems
(i.e., thecis-cyclohexanediyl derivative). in which kzg is insignificant, we can apply the other limiting
On the basis of the lack of a discernible trend in the self- form of eq 2°
exchange rate constants as a function of the specific substituents
involved, we conclude that the phenyl ring does not unduly i_@ n ﬁe 4
influence any specific facet of the electron-transfer kinetics. The k21_ kep  Koa “)
significant variation in electron-transfer kinetic parameters as
noted for the cyclohexanediyl-substituted ligands L2, L3, and In this latter expression, the reciprocal of the first term on the
L11 suggest that the various ring substituents result in subtle right represents the gated first-order contribution while the
differences in the ligand flexibility which do not follow an easily second term represents the reciprocal valuk,ofor pathway
discernible trend. A in the absence of gating. For the systems involving L3, L5,
Kinetics for Conformational Change. Since theki;(a) and L6, and L11, no evidence of gating was noted with the Ni(lll)
ki@ values do not differ by large orders of magnitude, the reagent. On the basis of this observation, we conclude<it
region in which conformationalgating occurs should be  koa >> [Aox/krp << 1/ko1 Or krp << ko1[Aoy]. For both the
reasonably narrow. This is presumed to account for the fact CU(L5) and CU(L6) systems, a maximum Ni(lll) concentration
that, for the several systems included in this work, we were of 1.6 x 1073 M was utilized in the kinetic studies which results
unable to obtain convincing evidence of limiting first-order in minimum kgp estimates of about 1505 Although the
kinetics as has been previously demonstrated fé (i4]aneS)* oxidations of the L3 and L11 systems with the Ni(lll) reagent
and its dio? and monocyclohexaned#tlerivatives in aqueous  were limited to lower reagent concentrations (due to the faster
solution. In the absence of gated behavior, it is not possible to reactions involved}® similar minimumkge values are estimated.
obtain guantitative values for the rate constant characteristic of ~As tabulated in the bottom row of Table 4, the limitikge
the R— P conformational changkgp (see Figure 1). However,  value for the Cl(L1) species appears to be at least 500 times
limiting estimates can be established. smaller than the values for the other four systems included in
The kinetic expression for the oxidation of a'Cispecies the current study. This implies that the presence of a single
conforming to the mechanism in Figure 1 has been developedbenzene ring severely retards the conformational change which
previously® is presumed to precede electron-transfer during oxiddtion.
It is tempting to attribute this large effect &gpto the rigidity
k. — Konkrp Tk @) imposed upon the ligand by the unsaturated-ittge demon-
21 KoalA ool T+ Ker 2B stration of which was the major motivation for the current study.
However, it might then be expected that both the L5 and L6
Here the first term on the right represents reaction via pathway systems, which incorporate both phenyl and cyclohexanediyl
A and thekyg term represents reaction via pathway B. For substituents into the macrocycle, would also exhibit slow
oxidation reactions in which both pathway B and the gated limit conformational change. As noted by the data in the last row
of pathway A are contributing to the observed kinetics, eq 2 of Table 4, however, such is not the case. Our best current

can be written in the limiting forni: conjecture to explain this phenomenon is that, in these latter
two systems, the effect of the rigidity of the benzene ring is

k. = Kep 1k ) compensated by the additional strain of the cyclohexane ring

21 [Agd 2B so that the ground state is raised in energy relative to the

transition state encountered during the conformational conver-
Here krp represents the (gated) first-order rate constant for sion, thereby decreasing the energy barrier for-H.
conformational change (see Figure 1). In the case of tHe Cu
(L1) oxidation with Ni"([14]aneN,), the reaction appears to
proceed entirely by pathway B with no evidence of a first-order
“gated” contribution. This implies thab; ~ kog, i.€., thatkyg
>> kgppl[Aox] O krp << kog[Aox]. Multiplying the observed
ko1 value (3.4x 10° M~! s71; see Table 3) by the smallest 1C960793J
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