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Redox reactions involving the [Cu(dmp),]*** couple (dmp = 2,9-dimethyl-1,10-phenanthroline) in acetonitrile were
examined at elevated pressures up to 200 MPa. Activation volumes were determined as —8.8 and —6.3 cm® mol™!
for the reduction cross-reaction by [Co(bipy)s]?* (bipy = 2,2'-bipyridine) and for the oxidation cross-reaction by
[Ni(tacn)J** (tacn = 1,4,7-triazacyclononane), respectively. The activation volume for the hypothetical gated mode
of the self-exchange reaction estimated from the reduction cross-reaction was —13.9 cm® mol ™, indicating extensive
electrostrictive rearrangement of solvent molecules around the Cu" complex during the change in the coordination
geometry before the electron-transfer step. On the other hand, the activation volume for the self-exchange reaction
estimated from the oxidation cross-reaction was —2.7 + 1.5 cm® mol~*. Although this value was within the range
that can be interpreted by the concept of the ordinary concerted process, from theoretical considerations it was
concluded that the reverse (oxidation) cross-reaction of the gated reduction reaction of the [Cu(dmp),(CHsCN)J?*/
[Cu(dmp),]* couple proceeds through the product excited state while the direct self-exchange reaction between
[Cu(dmp)2(CH3CN)J?* and [Cu(dmp).]* proceeds through an ordinary concerted process.

Introduction Scheme 1
Path A

Gated electron-transfer (ET) reactions involving'@u oz
centers are related to the biologically important catalytic Agea + Cu'L(0) Ton Cu'L(P) + Aoy
processes? Among investigations carried out to date,
systematic studies by Rorabacher and co-workers have kqolkoq krp| kpr
largely improved the understanding of the gated phenom- " ke :
ena: they postulated a dual-pathway square scheme (Scheme Areg + CULQ==== CuL®) + Aoy

1).375In the square scheme, only one of the reactantd.fCu

(R) or CU'L(O), where L stands for the coordinated ligands]
changes its structure before the ET step, and the choice ofpath A or path B depends on the energy of the deformed
species, P or Q. In general, ET reactions of copper(ll)/copper-

*To whom correspondence should be addressed. E-mail: h.d.takagi@ (I) polythioether complexes proceed through path A in
chem.nagoya-u.ac.jp.

Path B

(1) Williams, R. P. JEur. J. Biochem1995 234 363-381 Scheme 1, and the direction in which the estimated self-

(2) Kaim, W.; Schwederski, BBioinorganic Chemistry: Inorganic exchange rate constant is much smaller than that directly
Elements in the Chemistry of Ljf@Viley: Chichester, U.K., 1994. i _

(3) Martin, M. J.; Endicott, J. F.; Ochrymowycz, L. A.; Rorabacher, D. measured by NMR s gated. Rorabacher and co Worke_rs
B. Inorg. Chem.1987, 26, 3012-3022. attributed the cause of the gated phenomena to the sluggish

(4) Rorabacher, D. B.; Meagher, N. E.; Juntunen, K. L.; Robandt, P. V.; conformational change of the coordinated multidentate
Leggett, G. H.; Salhi, C. A.; Dunn, B. C.; Schroeder, R. R;

Ochrymowycz, L. APure Appl. Chem1993 65, 573-578. macrocyclic ponFhiaether liganéi® because structures of
(5) Rorabacher, D. BChem. Re. 2004 104, 651—697. Cu and CUf species should come close to each other at the
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transition state, according to the Marcus theory for the outer- 005
sphere ET reactiorfs’

On the other hand, for redox reactions involving'@Iu
complexes with polypyridine ligands, the reduction direction
is always gated,'° although no sluggish conformational
change of the coordinated ligands is necessary for the
alterations of the coordination geometries around thé Cu
and Cu centers in the case of these bidentate ligands. In the
most recent publicatiot, we reported that consideration of oo ‘
the direction for structural changes on the basis of the second- 6 50 100 150 200
order perturbation theory (symmetry rules and the principle P/MPa
of least motion, PLMJ?13 successfully explains the gated Figure 1. Pressure dependence of the electrode potentials for various redox
phenomena exhibited, at least, by copper(il)/copper(l) poly- [CNOilEggﬁ)ziznﬂaC:etffg"xi'eliO@% [rﬁclﬁ(i?}‘?@):[clc;?bﬁjyﬁ ? 201 lég:;l(@Eg
pyridine complexes. However, the pathway of the reverse | kg1 The sweep rate is 0.1 V-5 T = 298+ 1 K. I = 0.1 mol kg™t
direction of the gated reaction as well as the direct self- (TBAP). E; denotes the redox potential at 0.1 MPa.
exchange reaction has to be confirmed for the better

understanding of the gated reactions. _ . ,
In this study. we took advantage of the preciseness of theoven. However, it was shown that the complex exists as a five-
Ys 9 P coordinate [Cu(dmpjsolvent)F™ species in donor solvents.

volume analyses _to clarify the exact nature of the gated [Co(bipy)](CI0.),1® (bipy = 2,2-bipyridine) and [Ni(tacnj-
reaction systems: it has been proven that the volume analysegc|o,), (tacn= 1,4, 7-triazacyclononane) were synthesized by the

are effective to precisely determine profiles of outer-sphere |iterature method® Anal. Calcd for CoGgH24NsCl,Og: C, 49.6;
ET reactions*1¢ We also revisited the results reported in  H, 3.33: N, 11.6. Found: C, 50.0; H, 3.23; N, 11.6. Anal. Calcd

19897 for the activation volume of the direct self-exchange for NiC1,HsNsClz012: C, 23.42; H, 4.91; N, 13.66. Found: C,
reaction of the [Cu(dmp)*™* (dmp = 2,9-dimethyl-1,10- 23.42; H, 4.96; N, 13.55Caution! Perchlorate salts of metal

(Ev;2-Eo) IV

250

phenanthroline) couple in acetonitrile (Appendix A). complexes with organic ligands are potentially explesi
General Procedures All manipulations were carried out in an
Experimental Section atmosphere of dry nitrogen to avoid possible contamination of water

] o ) ~and oxygen from the environment. The reaction volumes were

Chemicals.Acetonitrile was obtained from Wako Pure Chemi-  measured by the pressure dependence of the redox potentials at 25
cals Inc. and purified by distillation from phosphorus pentoxide oc by using a BAS 100B/W electrochemical analyzer. The pressure
and from 4A molecular sieves. The content of residual water in yessel for the measurements was reported previd@slie used a
thus purified acetonitrile was examined by a Mitsubishi Chemical glass electrochemical cell equipped with a 2.0-mm-diameter Pt disk
CA-07 Karl Fischer apparatus, by which the amount of residual 5nq a 1.0-mm-diameter Pt wire as the working and counter
water was determined to be less than 1 mmoFkdetrabutylam-  glectrodes, respectively. A silver/silver nitrate electrode used as a
monium perchloratenBuNCIO,, TBAP) from Aldrich was twice reference was made by placing a solution (£.20-3 mol kg~! of
recrystallized from the mixture of an ethyl acetate/pentane solution AgNO; with 0.10 mol kg of nBu,NCIO, as the supporting
and drieq under reduced pressure. All othe_r _che_micals from Wako electrolyte) in a collapsible Teflon tube equipped with a vicor plug.
and Aldrich were used without further purification. [Cu(dnlp)  Kinetic measurements at ambient pressure were carried out by a
(CIOy); and [Cu(dmp)CIO, were synthesized by the reported  pisoku RA401 stopped-flow apparatus, while the measurements
methods'* Anal. Caled for CuGeH24aN4Cl:0s: C, 49.5; N, 8.25; at elevated pressures were carried out by a Hi-Tech HPSF-50
H, 3.56. Found: C, 50.5; N, 8.16; H, 3.65. Anal. Caled for 5pparatus. The reactions were monitored by observation of the
CuGeH2N4CIOs: C, 58.0; N, 9.67; H, 4.17. Found: C; 58.6, N,  gpsorption change at 456 nm (the absorption band maximum of

9.87; H, 4.10. We were able to obtain [Cu(d}(}IO4). by [Cu(dmp)]*). Paraffin oil was used as the pressurizing fluid, after
removing the loosely coordinated solvent molecule using a vacuum gegeration by dry nitrogen for 1 h.

(6) Cannon, R. DElectron Transfer Reaction8utterworth: London, Results
1980.
(7) Sutin, N.Prog. Inorg. Chem1983 30, 441—498. The reaction volumes of the redox couples used in this

®) ﬁ]%fg'”ghg‘m nggié%mgégzigggi, H.; Funahashi, S.; Takagi, H. D. - gt;dy were determined from the pressure dependence of the
(9) Itoh, S.; Funahashi, S.; Koshino, N.; Takagi, H.Iorg. Chim. Acta redox potentials at 298 K.
2001, 324, 252-265.

(10) Itoh, S.; Funahashi, S.; Takagi, H. Dhem. Phys. Let2001, 344

441-449. AV~ = (aA—G) = —nF(aE ) (1)
(11) Itoh, S.; Kishikawa, N.; Suzuki, T.; Takagi, H. Dalton Trans 2005 oP Jr P /T

1066-1078. _ o
(12) Pearson, R. Gsymmetry Rules for Chemical Reactipnsley: New  All redox couples examined in this study were either
(13) Rice, F. O.; Teller, EJ. Chem. Phys1938 6, 489-496. electrochemically reversible or quasi-reversible. The pressure
8‘513 éwaddlf/i TFéV\in?rg-_ ?_'heDm-l;de%?, 5(T31\Z;5025C.h 1994 33 dependence of the electrode potentials is shown in Figure 1

race, M. K.; lakagl, AH. D.; swal e, . 0rg. em 2 . .

1915-1920. for each redox couple (Table S1 in the Supporting Informa-
(16) Swaddle, T. W. Innorganic High Pressure Chemistryan Eldik,

R., Ed.; Elsevier: Amsterdam, The Netherlands, 1985; Chapter 4.  (18) Davies, G.; Loose, D. Jnorg. Chem.1976 15, 694-700.
(17) Doine (Takagi), H.; Yano, Y.; Swaddle, T. \horg. Chem.1989 (19) McAuley, A.; Norman, P. R.; Olubuyide, org. Chem.1984 23,

28, 2319-2322. 1938-1943.
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Volume Profiles Involving [Cu(dmp)(solvent)Z/[Cu(dmp)] ™

Scheme 2
A VOMn+/(n-1 »
I\/I[m + Ag - Ag+ + MJn-l)+
L 1
A V()rcl‘crcncc

tion). The overall reaction volumedVY.,e°) corresponding

to Scheme 2, calculated from the slopes of the plots in Figure
1, are listed in Table 1. To determine the reaction volume
of a cross-reaction, it is not necessary to isolAi@n+n-

»+°, provided that the identical reference electrode is used
for all measurements afVce°.2°

+ AV2

reference

AV

— 0
cell — AVM n+H(n—1)+

2
Pressure dependences of the rate constants are shown i
Figures 2 and 3 (Tables S2 and S3 in the Supporting
Information) for the examined oxidation and reduction cross-
reactions. The activation volumes corresponding to the
hypothetical electron self-exchange reaction between [Cu-
(dmp)(CHLCN)J>" and [Cu(dmpy]™ were then calculated
by the following volume cross-relation, which has been
verified by Grace et aP

AV;, + AV, + AV,
_2Vn 22 2 -

12 2

XAV,° In Ky, — 2(n K ) (AVE, + AV, — AV — AViy)
X2
2]

(k11k22)

In =

where AV, is the activation volume of the cross-reaction,
AV, AV3, ki, and ke, are the activation volumes and
corresponding rate constants for each electron self-exchang
reaction, AV’ is the reaction volume of the cross-reaction,
Z is the collision frequency, which is usually taken to be
10", andw; and AV are the Coulombic work terms and
the corresponding volumes, respectively. Because the con
tribution of theC term in the above equation was less than
1 cn? mol~? for both of the examined cross-reactions, this
term was ignored in the calculation: it has been known that
the uncertainty in the estimated activation volumes is
generally+1 cn® mol™. In Table 2, listed are the activation
volumes for the self-exchange reaction between [Cu(gimp)
(CH3CN)J?" and [Cu(dmpy] " calculated from both directions

Cc

Wy, + W,
RT

X=4 ©)

of the cross-reactions, together with the measured activation

volumes for each cross-reaction.

Discussion

We reported in the previous study that [Cu(dajp)
crystallized in two different forms, depending on the solvent
used for the synthesésthe complex with a five-coordinate
pseudo-trigonal-bipyramidal structure, [Cu(dat@HsCN)J?*,

(20) Doine (Takagi), H.; Whitcombe, T. W.; Swaddle, T. @an. J. Chem.
1992 70, 81-88.

e

Table 1. Reaction Volumes for Various Redox Couples in Acetonftrile

AVeer’/cm? mol—t

redox couple

[Cu(dmp))ZH+ 19.8+0.7
[Ni(tacn)]3*/2+ 16.9+ 0.5
[Co(bipy)s]3+2* 18.4+ 0.4

a] = 0.1 mol kg'! (TBAP).

was isolated from solvents with relatively large basicity such
as water and acetonitrile, while the complex with a four-
coordinateD; structure was isolated from solvents with low
basicity such as nitromethane. In the former structure, one
of the coordination sites in the trigonal plane is occupied by
a solvent molecule. Kinetic measurements revealed that the
reduction reaction of the latter species in nitromethane was
the first example of the fully gated reaction: the reduction
feaction was completely regulated by the rate of the slow
(symmetrically forbidden) structural chande¢= 1.17 s*
at 25°C).!! On the other hand, it was reportédhat the
reductions of the five-coordinate complex in acetonitrile
proceeded through the gated mechanism with a faster
structural changekfo = ca. 30 st at 25°C) followed by
the rapid ETE With these results, we postulated two essential
factors that are necessary for the occurrence of gated
reactions*!! (1) the nonadiabatic nature of the direct ET
reactions involving the ground-state species (“O” in Scheme
1) and (2) slow structural changes so as to induce better
electronic coupling with the counter-reagent through the
charge-transfer (CT)-perturbed superexchange-type interac-
tion. According to the theoretical discussion by Brunschwig
and Sutin, the structural change is required to take place prior
to the formation of the encounter complex because a high-
energy (slow) structural activation before the ET process
within the encounter complex cannot compete with the
ordinary concerted reactighwhich is nonadiabatic and very
slow for the reaction systems that exhibit gated behaviors.
The activation process of a redox-active species is
independent of the counter-reagent when the cross-relation
holds for cross-reactions with various counter-reag&tse
activation volume for the hypothetical self-exchange reaction
estimated from a cross-reaction reflects the activation mode

of the reactant in the cross-reaction. As shown in Table 2,
the activation volumes corresponding to the same hypotheti-
cal self-exchange process estimated from the oxidation and
reduction cross-reactions were different from each other for
the [Cu(dmp)(CHsCN)J*"/[Cu(dmp)}]* couple. This indi-
cates that the activation process/mode is certainly different
for the Cu species in two directions because the counter-
reactants are typical outer-sphere reagents for which the
activation process is always the same for all redox reactions.
In the gated reduction cross-reactions, two consecutive
structural activation steps are expected for [Cu(dGHis-
CN)J?>* so as to maximize the electronic coupling with the
counter-reagent: (1) a change from the psebDggstructure
of the ground-state geometry for Cto theC,, structure by

(21) Brunschwig, B. S.; Sutin, Nl. Am. Chem. Sod 989 111, 7454~
7465.

(22) Ratner, M. A.; Levine, R. DJ. Am. Chem. So0d.98Q 102 4898-
4900.
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3 allowed E normal-mode vibration takes place with a time
scale of 103 s, which is much shorter than the lifetime of
2- the encounter complex, ca. 10s™%.

Because the observed overall reduction cross reaction is
gatect it is certain that the Cli-solvent bond completely
breaks at the first stage of the reaction. However, this solvent
dissociation process is not the sole reason for the observed
gated behavior: (1) the observégg value (ca. 30 3) is
much smaller than the rate constant for this solvent dissocia-
tion, 1¢ s124?5 and (2) Cl in C,, symmetry does not

0 50 100 150 200 exhibit a low-energy CT band, which is necessary for the
P/MPa rapid ET reactions to occdf. The succeeding structural
Figure 2. Pressure dependence of the rate constant for the cross-reactionchange from [Cu(dmp)?* in C,, symmetry (the solvent CH
between [Cu(dmp)* and [Ni(tacn)]*" in acetonitrile. [Cu(dmp)] = CN molecule is already removed) to tBgy structure is also

(1.44-1.71) x 10°> mol kg~*. [Ni(tacny?"] = (1.48-1.72) x 10~* mol

kgL T =298+ 1K.1=0.1mol kgt (TBAP). allowed through the normd; twist mode. Therefore, the

structural change that regulates the overall ET process

3 includes both of the pseudds, to C,, and C,, to Dy
) interconversions before the formation of the encounter
i complex in which a rapid ET takes place. This situation is
1l expressed by the following mechanism.
3
=
z Cu'(pseudoby,) £ Cu'(C,,) + solvent
al ! LN
Cu'(C,) . Cu'(Dyy)
-2 L L L
0 50 100 150 200 sz
PIMPa Cu'(D,y) + Red— CU(D,,) + Ox (4)
Figure 3. Pressure dependence of the rate constant for the cross-reaction
between [Cu(dmp)*" and [Co(bipy}|?* in acetonitrile. [Cu(dmpf*] = The observed rate constakyys is then expressed by the

(2.05 or 5.19)x 10~ mol kg~. [Co(bipy)?'] = (2.57 or 4.93)x 107>

mol kgL T = 298+ 1 K. | = 0.1 mol kg * (TBAP). following equation, by assuming a steady state fot' Gu

D2g symmetry.

releasing the loosely coordinated solvent molecule and (2)

. Kk;kg [Red]
a further structural change to achieve the same symmetry as Kyps = 2 (5)
that of Cu in the ground state, thB,q structure. Therefore, bs kg [Red]+ k_;
it is necessary for the five-coordinate'Gpecies, [Cu(dmp)
(CH3CN)J?, to form a four-coordinate intermediat€y)), In this case,Kk; corresponds tdkog in Scheme 1. The
in the first stage of the structural activation. equilibrium constanK is small because G(C,) is consid-

The symmetry rules and PL¥I® indicate that the dis-  ered to be an intermediate for the solvent-exchange reac-
sociation of the solvent molecule from the trigonal plane of tion: when the solvent-exchange (dissociation) rate constant
the five-coordinate [Cu(dmp)CHsCN)J?* in pseudoBa, is ca. 16 s712425the K value is estimated as ca.» 10°°
symmetry is allowed to form a species @, symmetry M because the back reaction is expected to be diffusion-
through theE normal-mode vibration. This kind of disso- ~controlled (ca. 18 kg mol* s™*). Therefore, wherkk, is
ciation process is quite common for transition-metal com- €a. 30 %% ki is ca. 3x 10° s™%. As a result, the time scale
plexes withDz, symmetry such agrans{Ni(CN)(triphe- Of this twisting process; 10" s, is longer than the ordinary
nylphosphinej.2® Although this solvent dissociation from lifetime of the encounter complex (ca. 16-10** s
Cu' in pseudoTbp symmetry is as rapid as ca. 61612425 depending on the charges on the reactants), and this twist
it may not take place within the encounter complex (the Process also takes place prior to the formation of the

lifetime of the encounter complex is in a range of 1%- encounter complex. However, it should be noted that the
1012, depending on the charges on the reactants). On the?0nd stretching by th& mode combined with theartial
other hand, structural deformation from psetig-to C,, twisting through theB, mode may be acceptably rapid for

symmetrywithout dissociation of the coordinated solvent the concerted reaction to occur if the electronic coupling
molecule is also allowed to occur within the encounter Petween Cliand the counter-reagent is sufficiently large.

complex because this type of deformation through the Such a case may be met when the counter-reagent is also a
copper polypyridine complex: the pseudo-self-exchange rate

(23) Grimes, C. G.; Pearson, R. Borg. Chem 1974 13, 970-977. constant for the reduction reaction of [Cu(dmiH:CN)]**
(24) FF;oneII, Dc-rlj-; I\Qt;&a%g, 4A46E&iﬁ7béan, .; Schindler, S.; van Eldik, by [Cu(dmp}]™ (dmbp= 6,6-dimethyl-2,2-bipyridine, and
. Inorg. Chem. , . : : 2
(25) Nubrand, A.; Thaler, F.; Korner, M.; Zahl, A.; Hubbard, C.; van Eldik, the reduction reaction of [Cu(dme3CN)] " has been
R. J. Chem. Soc., Dalton Trang8002 957—961. known to be gated) was as fast as lag= 4.4*
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Table 2. Activation Volumes for the Self-Exchange Reaction of [Cu(dsifp)t Estimated from the Cross-Reactions of Oxidation and Reduction
Direction$

cross-reaction AV;, AV;, AV1® AV7,
Cu(dmp}]* + [Ni(tacn —6.3+£0.3 -7+1 —29+12 —2.7+28
d + i 3+ b
[Cu(dmpY]2+ + [Co(bipy)]2* -8.8+0.1 —514+ 1.4 1.4+0.9 —13.9+25

acm? mol~L. ® Estimated value using the SHM equati$i® ¢Braum, P.; van Eldik, RJ. Chem. Soc., Chem. Comma9885 1349-1350.

In the current reduction reaction of [Cu(dra{@HsCN)J>* However, it has been pointed out by Brunschwig and Sutin
by [Co(bipy)]?*, kensis given by eq 6, by defining neog that a process through the product excited state is preferred
asKky/k_1, under the experimental conditions [Red][CU"]. to the concerted process in the normal region. We, therefore,

safely conclude that the oxidation cross-reactions of [Cu-
Kobs = Kogks, (6) (dmp)] ™ proceed through the product excited state'(€u

i ) D,g symmetry) without much change in the coordination
In this equatlon,kB§+§tands for the rate constant of ET gy cture ofD,-Cu: this process corresponds to path B in
between [Cu(dmp)** in Doy symmetry, CHL(Q), and the  gcheme 1 (see also path B Scheme 3-1 and Appendix

counter-reagent (Scheme 1). Because the observed ratg) ap this point, it is clear that the volume analyses cannot
constant is defined by eq 6, the calculated activation volume distinguish the reaction through path B from the concerted

for the reduction reaction is expressed by eq 8. Because the,qcess because neither mechanism involves a significant
AVy; value (and, hencé;, andAE;,) reflects the difference  |,q;ume change at the rate-determining ET step.

of the volume (free energy) between the initial and final On the other hand, we will encounter a difficulty when

states, it does not include any information of the reaction the direct self-exchange reaction between [Cu(t@Hs-
pathway. Therefore, the following discussion is valid, as the CN)]?* and [Cu(dmp)]* is considered: the direct self-

hypothetical self-exchange reaction betweerf @d Cu exchange reaction cannot proceed through the product excited
both in the ground states is discussed. state for both Cli and Cti species because the overall

aInk, reaction profile of the self-exchange reaction should be
AV = —RT( P bs) ) symmetric along the reaction coordinaféhis situation is
T graphically described in Scheme 3-2 (path; Aee also

AVE, = AVoo+ AVEZ 8) Appendix B). As a result, the direct self-exchange reaction

may proceed through path B, as was shown in the previous
article (Scheme 3-1.However, the self-exchange rate
constant through path B is expressed by €gadd hence
the observed activation volume should exhibit the contribu-

whereAVog andA\/’g2 are the volume change from pseudo-
Dsn to Dy for CU' and the activation volume for the
succeeding ET between €in D,y symmetry and [Co-

(bipy)s]?*, respectively. Because thg, process is governed tion of AVoo

essentially by the outer-sphere contributions to the activation Kex = Kooker (9)
processAVj is expected to be ca:5 cn¥ mol~t according

to the StranksHush—Marcus (SHM) theory®1” AVpq ~ AV, = AVgo + AVE; (10)

—9 cni 3 mol~. This large negativé\Voq may be attributed

to the solvation of the released solvent molecule from [Cu- whereker corresponds to the rate constant for the ET process
(dmpy(CH3CN)J?" and the solvent reorganization around between [Cu(dmp)?" and [Cu(dmpy]*, both of which are
[Cu(dmp}]?*, the latter of which is a result of the increased in Doy symmetry, and hence the activation volume for this
CT interaction inDog-[Cu(dmp}]?>" compared with that in  process is ca-5 cn 2 mol~* from the SHM theory>” From

Cy,~-[Cu(dmp)]?*. eq 10, the activation volume for the self-exchange reaction
On the other hand, the estimated activation volume for should be ca—14 cnt3 mol™%, which is much more negative
the hypothetical self-exchange reaction2.7 = 1.5 cn? compared with the directly measured activation volum@.4

mol~%, by application of eq 3 to the result of the oxidation cm?® mol~1.2” We, therefore, have to conclude that the direct
cross-reaction of [Cu(dmgl)" by [Ni(tacn)]®", is consistent  self-exchange reaction does not proceed through path B (see
with the activation volume calculated on the basis of the also path Bin Scheme 3-1), from the results obtained in
SHM equatiof*1¢ within experimental uncertainty. If the this study (Appendix B).

oxidation reaction requires a large structural change éf Cu  When the self-exchange reaction is concerted, {th
from Dy to Cy, a large positive activation volume is Cu and pseudds-Cu' structurally activate within the
expected: Path A requires a structural change fiynto encounter complex, without dissociation of the solvent
C,, and the polarity change in this activation process is the molecule from Cli (Scheme 3-3). As noted above, the time
reverse process to the activation of''Ciiherefore, we can  scale for the bond stretching between"Gund the solvent
conclude that the oxidation cross-reaction of [Cu(diip)  molecule (without the bond rupture) by tlemode (1013

by [Ni(tacny]®*" does not proceed through path A: this s), together with thgartial twisting through the normas,
oxidation process proceeds either through the concertedmode (1011—10713s), is sufficiently rapid to occur within
mechanism or through the product excited state (path B).the encounter complex. However, this type of activation leads

Inorganic Chemistry, Vol. 46, No. 4, 2007 1423



Scheme 3.

32 Selt-Exchange Reaction Trowgh The Product-Excited State
{Path A" in Appendix B)

Itoh et al.

Modes of the Electron Self-Exchange Reaction between [Cu(dsghyent)f(pseudobs,) and [Cu(dmpy] ™ (D2q)]?

31, Self-Exchomge Kenctlom Trowgh Path B

33, Sell- Exchange Keaction Trough The Concerted Process

| f '- ) AL i
ursar
preatem \ Iu’h‘(_'l"l. +=Cu'l
- e \ Cw Oy
. . »
& e ColLP) +5CHTLIQ)  *CulLiF) + CullLg ¥
\ syl vl @ D I 5 *Cul'L + O
2 CulILiQ) + Cul LIy £ s Dsa 3 €
Dy Ty Pl Co 0y
- ’(\b SWEE SPCEEsOr
E
\ P\\L-} f / \ .P - /
T U l\\// \ j I".‘f\ \/
Cu"Lith + *Cu'LgR) *Ca'lLIO) + Cu'LAR} CuV'LiO) + *Cu'L(R) *CallL i) + CulLiR} CulLi0)+ *Cu'LR) *Cu"LiO) + Co'Lik)
Dy Dy Dy, Dy Dy Dy D Dy Dy 34 Dy Dy,
T e EET e Reaction Coardinate

Renction Coordinaste
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on-Gated oxidation cross reactions through the product-excited state

Gated reduction cross reactions

the ET reactioronly when the electronic coupling between
the two reactants is sufficiently larg&ve believe that the
electronic coupling between [Cu(dmfH:CN)]?" and [Cu-
(dmp)] ™" is sufficiently large because the energy levels of

the d orbitals are much closer to each other compared with

those for the cross-reactions of [Cu(di{@H:CN)]?" with

iom cammot be symnetrocal

AV'a AV,"

Appendix A

The gate behavior in the reduction reactions of [Cu-
(dmp)]?* was well established in the previous articles:
The hypothetical self-exchange rare constant (1.6 1),
which was calculated by application of the Marcus cross-
relation to the reduction cross-reaction by [Co(bih?/),
indicates that the reduction reaction is controlled by the
structural change prior to the ET process because it is too
small compared with the hypothetical self-exchange rate
constant estimated from the oxidation cross-reactions.

Appendix B

For the direct self-exchange reaction, three independent
pathways may be considered in the current situation: (1)
path B, in which structural change of only €uakes place

othe_r metals. Such a situation was demonstrgted by theprior to the ET process, (2) patH,An which the ET process
previously reported pseudo-self-exchange reaction between g place without structural change in botH &ud CU,

[Cu(dmbp}(CH;CN)]?" and [Cu(dmpy] .1t

It seems that the smaller self-exchange rate constant for

the [Cu(dmp)(CH;CN)]>*/[Cu(dmp)]* couple, ca. 10M 1

or (3) the concerted process (a process that involves the
structural change of Cuprior to the ET process may not
have to be considered because this process requires much

s 1, than those for blue copper proteins such as plas;tocyaninhi(‘]]her energy than path’B When a nonconcerted self-

or azurin, ca. 19-10° M~ s71, is a result of the extensive

exchange reaction takes place, the reaction profile should

inner-sphere rearrangement within the encounter complexpq symmetric along the reaction coordinate. Because the

including (1) the elongation of the @usolvent bond to
induce structural activation to the,, structure and (2) the
deformation of Clto C,,, probably with the partial interac-
tion of Cp-CuU with the solvent molecule that is to be
released fromC,,-Cu'. The self-exchange rate constants

estimated from the oxidation cross-reactions are almost

always consistent with or slightly larger than the directly
measured value by using NMRS The difference in the

reaction profile of path Adoes not fulfill this requirement
(path A corresponds to the middle figure in Scheme 3), the
reaction through path'As not allowed to occur. On the other
hand, path Bis allowed as the nonconcerted process,
according to the left-hand figure in Scheme 3.

Path B is possible when the electronic coupling between
the CU and Cu species is not sufficient: this corresponds
to the gated self-exchange procéds. such a case, it is

activation free energies for the concerted process and forknown that the self-exchange rate constant is expressed by
the reaction through the product excited state (path B) mayke = Kooker. AlthoughKog is small (~10°5), ker may be
have been obscured by the uncertainty inherent in the Marcuqa;ge eonQough (ca fOI\/CI)*Ql s, and ke ;na;/ not be

. ] X

cro;s—relation (up to 2 orders of the magnitude for the distinguishable from the value expected for the concerted
estimated self-exchange rate constant). The redox reaCt'on?Jrocess (ca. BM~1s1). On the other hand, the contribution
involving the [Cu(dmpYCH:CN)J**/[Cu(dmp)]* couple are of Kog may be clearly observed when thé volume analysis

summarized in Scheme 4. of the reaction is carried out: the volume contribution of
ket is expected to be small (ca:3 to —5 cn® mol™) from
the theory. In this study, it was shown that the volume

(26) Clemmer, J. D.; Hogaboom, G. K.; Holwerda, R. lAorg. Chem.
1979 18, 2567-2572.
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Volume Profiles Involving [Cu(dmp)(solvent)?/[Cu(dmp)] ™

contribution ofKqq is ca. —9 cm 2 mol™%. Therefore, the Supporting Information Available: The pressure dependence
overall activation volume should be cal2 to —14 cn? of the electrode potential for the redox couples in acetonitrile (Table
mol~! when the direct self-exchange reaction proceeds S1), the pressure dependence of the rate constant for the cross-
through path B On the other hand, the reported activation reaction between [Cu(dmg) and [Ni(tacn)]*" in acetonitrile
volume from the measurement of the direct self-exchange (Table S2), and the pressure dependence of the rate constant for
reaction is only—3.4 cn? mol-1.17 Therefore, it is clear that ~ the cross-reaction between [Cu(dnjp) and [Co(bipy)]*" in

the direct self-exchange reaction between [Cu(dmp) apetonltrlle (Table S3). This material is available free of charge
(solvent)f* and [Cu(dmp)]* proceeds through the concerted Vi@ the Intemet at htp://pubs.acs.org.

process. IC061591I
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