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Reduction reactions of Cu(dmgy (dmp = 2,9-dimethyl-1,10-phenanthroline) by ferrocene (Fet(Gp)bis-
(cyclopentadienyl)iron(ll)), decamethylferrocene (Fe(PMGp)bis(pentamethylcyclopentadienyl)iron(ll)), and
Co(bpyy?" (bpy = 2,2-bipyridine) and oxidation reactions of Cu(dmap)by Ni(tacn})3* (tacn = 1,4,7-
triazacyclononane) and Mn(bpyl@®* (bpyQ; = N,N-dioxo-2,2-bipyridine) were studied in acetonitrile for the
purpose of interpreting the gated behavior involving copper(ll) and -(I) species. It was shown that the electron
self-exchange rate constants estimated for the Cu(gdmp)ouple from the oxidation reaction of Cu(drap)py
Ni(tacny®™ (5.9 x 1% kg mol? s71) and Mn(bpyQ):®" (2.9 x 10* kg mol! s™1) were consistent with the
directly measured value by NMR (6 10° kg mol~1 s7%). In contrast, we obtained the electron self-exchange rate
constant of Cu(dmpd*'* as 1.6 kg mot! s* from the reduction of Cu(dmg)" by Co(bpy}?*. The pseudo-
first-order rate constant for the reduction reaction of Cu(dfy Fe(Cp) was not linear against the concentration

of excess amounts of Fe(Gp)A detailed analysis of the reaction revealed that the reduction of Cugdimp)
involved the slow path related to the deformation of Cu(dstipjpath B in Scheme 1). By using Fe(PMG[fhe

E° value is 500 mV more negative than that of Fe(§) as the reductant, the mixing with another pathway
involving deformation of Cu(dmpJ (path A in Scheme 1) became more evident. The origin of the “Gated
Behavior” is discussed by means of the energy differences between the “normal” and deformed Cu(ll) and Cu(l)
species: the difference in the crystal field activation energies corresponding to the formation of pseudo-tetrahedral
Cu(ll) from tetragonally distorted Cu(ll) and the difference in the stabilization energies of the tetrahedral and
tetragonal Cu(l) for the activation of Cu(l) species. The reduction reaction of Cufénlyy) Fe(PMCp) confirmed

that the mixing of the two pathways takes place by lowering the energy level corresponding to the less favorable
conformational change of Cu(l) species.

Introduction al. precisely explored such “gated behavior” caused by slug-
Concerted inner- and outer-sphere reorganizations are aS_gishness in the geometric interconversion and discovered that
sumed to occur for most of the outer-sphere eIectron-transferFhe oxidation of tetrahedral Cu(_I) to_tetragor_1al Cu(ll) is slow
reactionsi2 Therefore, the electron-transfer reaction is slow | most cases when macrocyclic thioether ligands were used.

S . .~ " In such cases, the electron exchange rate constant estimated by
when the reaction involves a large change in the coordination

cometry during the electron-transfer process. Vallee and the application of the Marcus cross relation to the oxidation
geol y auring P ) . reaction of Cu(l) was not consistent with the directly measured
Williams pointed out for the electron exchange reactions

. . electron exchange rate constant by using NMR. However, when
involving copper(ll/) couples that the rate of the electron . .

. . the energy required for the geometric change from the tetrahedral
transfer is slow for the redox couple with normally preferred

coordination geometries, i.e., the tetrahedral four coordination to the tetragonal structure is not large, such gated behavior

. . o diminishes and the Marcus cross relation is successfully applied
for copper(l) and the tetragonal five- or six-coordination for h : - fth if h &
copper(ll)? to the estimation of the self-exchange rate constant.

Early works on the outer-sphere reactions of copper cpm-
The electron-transfer regulated by the slowness of the Changeplexes centered on reactions of Cu(bY), Cu(phen®*,

o ety s e e o o SoPbe(l an s dervate Cudm - I 1563, Lee and Anr
P y 9 ' pointed out that the steric interconversion may have an important
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Scheme 1

Path A
I kaz I
ARed + Cu'L (0) CuL (P) + AOX
koa
kqol|| koq krp || kpr
1l kg2 I
ARed + Cu L(Q) X CUL(R) + AOX
2B

Path B

role in the electron-transfer processes of the Cu(@p¥) and
Cu(phen)**'* couplest® The studies of electron-transfer reac-
tions for Cu(dmpy*'* with various reaction partners in aqueous
solution were reportet:1° The studies of the reduction of the
water-soluble Cu(dpsmg) (dpsmp= 2,9-dimethyl-4,7-bis-
((sulfonyloxy)phenyl)-1,10-phenanthroline) by Sykes et al.
indicated the involvement of such steric interconvergfor?
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oxidation and reduction cross reactions involving sterically
constrained complex ions, Cu(dmp)*. The results indicate
that the electron-transfer reactions of Cu(dgijd) proceed
through path B. The energetic origin of the “gated behavior” is
explained on the basis of the ligand field activation energy
corresponding to the deformation of Cu(dn®p) and the
energetic inter-mixing of the two independent reaction pathways
corresponding to path A and path B for the Cu(dgid) redox
couple was demonstrated in acetonitrile. The expression for the
electron self-exchange rate constant was derived for path B in
Scheme 1, and the estimated electron self-exchange rate constant
for the Cu(dmpy*'* couple was compared with that reported
previously?” The free-energy profile of the gated electron-
transfer process involving Cu(dmp)* was discussed on the
basis of the experimental and calculated results.

Experimental Section

Chemicals. Acetonitrile was obtained from Wako Pure Chemicals
Inc. and purified by distillation twice from phosphorus pentoxide. The
content of the residual water in thus purified acetonitrile was examined

However, there are some cases where electron exchange is slowy a Mitsubishi Kasei CAO1 Karl Fischer apparatus, by which the

even for the near-tetrahedral Cu(ll/l) couptés’> Most recently

amount of residual water was determined to be less than 1 mnl/dm

Stanbury et al. reported the slow electron-exchange reaction ofFerrocene (Wako) and decamethylferrocene (Aldrich) were purified by

Cu(biby?** (bib = 2,2-bis(2-imidazoly)biphenyl¥¢ The es-
timated electron self-exchange rate constant of Cugbid)is
0.16 kg mot! s71. Takagi and Swaddle have been studying
Cu(ll/n) electron-exchange couples by NMR where the coor-
dination geometries of Cu(l) and Cu(ll) are constrained to be
similar, the kinetic behavior is expected to follow the context

sublimation. All other chemicals from Wako and Aldrich were used
without further purification. Cu(dmp{ClO,), and Cu(dmp)ClO4 were
synthesized by reported methdds$! Anal. Calcd for CuGsH24N4-
Cl,Os: C, 49.5; N, 8.25; H, 3.56. Found: C, 50.5; N, 8.16; H, 3.65.
Anal. Calcd for CuGgH24N4ClO4: C, 58.0; N, 9.67; H, 4.17. Found:
C, 58.6; N, 9.87; H, 4.10.

[Co(bpy)k](ClO4)2,22 [Ni(tacn)](ClO4)3,% and [Mn(bpyQ)s](ClO,)*

of the moderately fast electron-transfer case, and no significantyyere synthesized by literature methods. Anal. Calcd for J4GNe-

change in coordination number or coordination geometry was
expected prior to the electron-transfer proce3éés.

Cl,0s: C, 49.6; H, 3.33; N, 11.6. Found: C, 50.0; H, 3.23; N, 11.6.
Anal. Calcd for NiGoH3oNeClsO12: C, 23.42; H, 4.91; N, 13.66.

The gated electron-transfer process has been successfully-ound: C, 23.42; H, 4.96; N, 13.55. Anal. Calcd for Mg2sNeOr4-
interpreted by the square scheme, postulated by Rorabacher g2 C. 44.0; H, 2.96; N, 10.3. Found: C, 43.2; H, 2.87; N, 9.87.

al., as shown in Scheme 1. The theoretical studies of the gate
electron transfer have been report€&However, the energetic
origin of conformational change has not yet been well under-

stood to date. In this article, we have observed inconsistency

c]-(Caution! Perchlorate salts of metal complexes with organic ligands

are potentially explosie.)

General. All manipulations were carried out in an atmosphere of
dry nitrogen to avoid any possible contamination of water and oxygen
from the environment. A Unisoku stopped-flow apparatus was used

of the electron exchange rate constants estimated from thefo, the kinetic measurements at various temperatures controlled by a

(12) Yandell, J. K.Copper Coordination ChemistryBiochemical and
Inorganic Perspectives; Adenine Press: Guilderland, NY, 1983; p 157
and references therein.

(13) Lee, C.-W.; Anson, F. Cl. Phys. Chem1983 87, 3360.
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198Q 19, 407.
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23, 477.
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(24) Knapp, S.; Keenan, T. P.; Zhang, X.; Fikar, R.; Potenza, J. A.; Schugar,
H. J.J. Am. Chem. S0d.99Q 112 3452.

(25) Flanagan, S.; Dong, J.; Haller, K.; Wang, S.; Scheidt, W. R.; Scott,
R. A.; Webb, T. R.; Stanbury, D. M.; Wilson, L. J. Am. Chem. Soc.
1997 119, 8857.

(26) Xie, B.; Elder, T.; Wilson, L. J.; Stanbury, D. Nhorg. Chem 1999
38, 12.

(27) Doine (Takagi), H.; Yano, Y.; Swaddle, T. \horg. Chem.1989
28, 2319.
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J. Chem.1995 73, 61.
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Hetofrig circulation bath. The reservoirs for the reactant solutions were
kept under nitrogen atmosphere during the experiments. At least 10
kinetic traces were collected for each run, and the results were analyzed
by an NEC personal computer fitted with an interface for the stopped-
flow apparatus. Unisoku software was used for the data analysis.
Preliminary experiments revealed that Cu(dsfip)eleases a small
amount of dmp after several hours. However, this decomposition was
suppressed successfully by the addition of excess amounts of dmp in
the solution. Moreover, no electroactive species other than Cugéimp)
was observed within the redox window of acetonitrite2(V ~ +2 V)

by cyclic voltammetry, which strongly indicates that neither Cu(dmp)

nor C&#" produced by the decomposition of Cu(dnip) oxidizes
ferrocene or decamethylferrocene used in this study. The absorbance
increase ata. 456 nm, corresponding to the absorption maximum of
Cu(dmp)*, was monitored for the kinetic measurements.

(30) Brunschwig, B. S.; Sutin, N.. Am. Chem. Sod989 111, 7457. The
authors of refs 29 and 30 dealt with the energetics of the gated
intramolecular electron-transfer processes and concluded that the
process with high energy intermediate never compete with the direct
outer-sphere process. However, the reactions investigated in this study
and by Rorabacheet al. involve intermolecular electron-transfer
process after deformation of one of the reactants.

(31) Davies, G.; Loose, D. Jnorg. Chem.1976 15, 694.

(32) Burstall, F. H.; Nyholm, R. SJ. Chem. Sacl952 3570.

(33) McAuley, A.; Norman, P. R.; Olubuyide, Morg. Chem.1984 23,
1938.

(34) Simpson, P. G.; Vinciguerra, A.; Quagliano, JInvorg. Chem1963

3.
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Table 1. Calculated Electron Self-Exchange Rate Constants for Cu@mpht 298 K in Acetonitrilé

E°/V vs Fc™  r/pm ki koo ky @ AH*kJ mol™t  AS/Jmol 1K™t
Cu(dmp)?** + Cu(dmp)* 0.28 650 — - 5.0x 10°¢ 28+1 —-81+4
oxidant
Ni(tacn)3* 0.555 380 (2.Z02)x10° 6.0x 107 59x 1? 2441 —60+2
Mn(bpyQy)s* 0.435 400  (2.9:0.1)x 10 80 2.9x 10 - -
reductant
Co(bpy)?* —0.081 700  (7.0:0.2)x 1  0.64% 1.6 36+ 2 —68+6

2 onic strength of the solutions was adjusted to 0.1 moithgy (n-BusN)CIO,. ® The rate constant for each cross reaction (kgthsil). ¢ The
self-exchange rate constant for oxidizing or reducing reagent (kg*msol). ¢ The self-exchange rate constant for Cu(dsfd) (kg molt s™4).
e Reference 27.Macartney, D. Hinorg. Chim. Actal987, 127, 9. 9 Macartney, D. H.; Thompson, D. W. Chem. Res., Syndi®92 344." Reference
58.

150 Reduction Reaction of Cu(dmp)?*" by Co(bpy)s*". The
reaction was observed under the conditions of [Cu(dfrify
> [Co(bpy)x?"]o. The monitored absorption increase at 456 nm
for every run confirmed that the decomposition of Co(lpYy)
100} before mixing was minimal. The kinetic trace was satisfactorily
first-order for up to 3 half-lives. The dependence of the pseudo-
first-order rate constant on the concentration of Cu(d#ipyas
linear at various temperatures as shown in Figure 2. The second-
S0F . order rate constant at 298 K and the corresponding activation
parameters are listed in Table 1. From the reduction of Cu-
(dmp)?*t by Co(bpy}?*, we obtained the self-exchange rate
constant of Cu(dmp}*'* as 1.6 kg mot! s~1. This value is
% > 3 4 s smaller than those estimated from the NMR measurement and
from the oxidation reactions of Cu(dmp) which strongly
indicates that the reduction of Cu(drep) is “gated.” As it is

-1
Kops ! S

10*[Ni(I11)] / mol kg ™!

Figure 1. Dependence dfos0n the concentration of Ni(tacs) for ; - .
the oxidation reaction of Cu(dmg) [Cu(dmp)‘] = 1.50 x 10°5 mol shown later, this reaction is also gated through pathkg:

kg%, 1 = 0.1 mol kg (TBAP). The symbols represent the data obtained [Co(bpy)f*] < kQO,in Scheme 1. ot .
at 303.2 (closed lozenges), 298.2 (open circles), 293.2 (closed circles), Reduction Reaction Of_CU(de) by Fe(Cp).. The kinetic
288.2 (open squares), and 283.2 K (closed squares). traces were excellently first-order for Cu(drnd) up to 3 half-

lives.
Electrochemical measurements were carried out by a BAS 100BW

electrochemical analyzer with a 1.5 mynplatinum disk or glassy

+
carbon as the working electrode, and a 0.5 gplatinum wire as the d[Cu(dmp)’] . cu(d o 3
counter electrode. A silver/silver nitrate electrode with 0.1 moitkg . KopdCU(dmp),” '] (3)
tetrabutylammonium perchlorate (TBAP) in acetonitrile was used as a

reference electrode. A solution of Mn(bpy)eSt was prepared elec- [Fe(Cp)l,> [Cu(dmp)zz’L]0

trochemically in CHCN, containing 0.10 mol kgt TBAP at carbon

electrode (Hokuto Denko HX-201). However, the dependence kf,s on the concentration of Fe-

Results (Cp) was not linear. This tendency may be explained by the
o ) . ) - following two-step mechanism including a conformational
Oxidation Reactions of Cu(dmp}™ by Ni(tacn).*" and Mn- change of Cu(ll)prior to the fast outer-sphere electron-transfer

(bpyO2)s®". The reaction of Cu(dmp) with Ni(tacn)®* in reaction kso).
acetonitrile shows pseudo-first-order behavior up to 3 half-lives
under conditions where [Cu(dmp]o < [Ni(tacn)?']o. Ko
. Cu(dmp)?* % Cu(dmp)?** (4)
Cu(dmp)" + oxidant— Cu(dmp)?** + reductant (1) .,
Cu(dmp)y*™ + Ageg— Cu(dmp)” + Ao, (5)
rate = kq,[Cu(dmp), "J[oxidant] 2)

) ) where Areq and Aoy represent Fe(Cpland Fe(Cp)t, respec-
Figure 1 shows the Fiepenfencek@J§ (=kox[oxidant]) on the {jely. When the reduction reaction is gated as suggested from
concentration of Ni(tacaj" at various temperatures. The he results for the reaction with Co(bp¥), the conformational

second-order rate constant at 298I 0.1 mol kg™ is listed change corresponding to theo process may be slow. In such
in Table 1, together with the activation parameters of the 5 case, the rate law is expressed by eq 6.

reaction. The reaction of Cu(dmp)with Mn(bpyQ)s3+ was

observed under the conditions of [Cu(da/d) > [Mn- Kaoko
(bpyQ)s3*]o. The estimated electron self-exchange rate con- rate = 9 [ArdCu'L] =k JCu'L] (6)
stants for the Cu(dmp¥™* couple by the Marcus cross relation KeolAred T koo

from the oxidation reactions of Cu(dmy)by Ni(tacn}** and
Mn(bpyQy)s3+ were 5.9x 1 and 2.9x 10* kg mol® s°2, Therefore, the plot of the reciprocal valuekgfsagainst [Azed *

respectively. These values were in agreement with the reported

value (5.0 x 10° kg mol? s°%) obtained from the NMR (35) Jordan, R. BReaction Mgchanisms of Inorganic and Organometallic
D, SystemsOxford University Press: New York, 1991.
measurement considering the accuracy of the Marcus rela-(3g) wilkins, R. G.Kinetics and Mechanism of Reactions of Transition

tion 336 Metal Complexes2nd ed.; VCH: New York, 1991.
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Table 2. Estimated Rate Constants for the Reactions of Cu(gfhp) 298 K&

reaction
Cu(dmp)?* + Fe(Cp)° koo 33+3st
Koo® 7.7x 10 s1
Koo/kago = Kog® 4.3x 107
Kg2® 3.0 x 10" kg molt s
Cu(dmp)?* + Fe(PMCpy" Kaz (3.24 0.1) x 10*2kg mol st
Kaz (2.540.1) x 10* kg molts?

2]onic strength of the solutions was adjusted to 0.1 maitkoy (n-BusN)CIO,. ® The rate constant were estimated from the slope and the
intercept of Figure 3¢ Calculated from the estimated value of the electron self-exchange rate constant for Gei(timg3ee text)d The rate
constants were obtained by the least-squares analysis of the plot in Fidwgahdkqo values were fixed for the least-squares calculation.

0.4 150
(]
0.3r .
100 |
Tm O, ‘Tm
Tz 0.2 2
-¥o S «O
o
0.1+
O 1 1 1 O 1 i
0 | 2 3 4 0 1 2
10*[Cu(11)] / mol kg ™! 10°[Fe(PMCp),] / mol kg™
Figure 2. Dependence dfops 0N the concentration of Cu(dmy3) for Figure 4. Dependence dfsson the concentration of Fe(PMGpr
the reduction reaction of Cu(dmg) by Co(bpy)**. [Co(bpy)}*'] = the reduction reaction of Cu(dmgy. [Cu(dmp)}2'] = 5.56 x 1076—

1.50x 105mol kg*, | = 0.1 mol kg* (TBAP). The symbols represent  1.01 x 105 mol kg%, [dmplee = (0.53-2.0) x 104 mol kg%, | =

the data obtained at 302.9 (closed lozenges), 298.0 (open circles), 293.2).1 mol kg (TBAP). Symbols are as in Figure 3.

(closed circles), 288.1 (open squares), and 283.1 K (closed squares).

pseudo-first-order behavior up to 3 half-lives under conditions
where [Cu(dmpyt]o < [Fe(PMCp}]o. However, the plot of
kobs @against the initial concentration of Fe(PMGmhowed
curvatures as shown in Figure 4. Such curvature was reported
previously by Rorabacher et al., for the oxidation reaction of
Cu-thioether complex:"8 The dependence in Figure 4 may be
explained by the “mixing” of both path B and path A caused
by the 500 mV more negative potential of Fe(PMEY) as
o1l 2 discussed later. In such casgys is expressed by eq 8, using
the rate constants in Scheme 1.

KogKs2

. . =[ky, + —————|[A
0.0 5 : 5 kobs A2 kBZ[A Rec;l + kQO Re(i'

107*[Fe(Cp),I™! /mol "' kg

0.3

0.2 +

-1
kobs /s

®)

The best-fit values of each rate constant estimated by the least-
Figure 3. Plot of kps * vs [Fe(Cp)] * for the reduction reaction of  squares analysis (a curve fitting program, SIGMA PLOT) are
Cu(dmp)?** by Fe(Cp}. [Cu(dmp)}?"] = 4.87 x 1075—1.05 x 10 listed in Table 2

mol kg%, [dmpJree = (1.0~1.1) x 104 mol kg™%, I = 0.1 mol kg'* '

(TBAP). The symbols represent the data obtained at 308.2 (open

lozenges), 303.2 (closed lozenges), 298.2 (open circles), 293.2 (closed)jscussion

circles), and 288.2 K (open squares).

Application of Square Scheme Rorabacher et al. tried to

should be linear with an intercept when > [Cu- ; S
P RAdo [ explain the “gated” electron transfer for copper-cyclic thioether

(dmpr?to. _ . : : )
ions using the mechanisms described in Scherfie? They
kQ found that the reactions proceed mostly through path A for the
1 _ %o + 1 (7) copper-thioether complexes by comparing the electron exchange
Kobs kOQkaz[AReJ koo rate constants estimated from both the reduction and oxidation
Cross reactions.
The plots of K.ps Vs 1/[Fe(Cp)o at various temperatures are In this study, the electron self-exchange rate constant for the
shown in Figure 3. The values &fq, AH*, and AS* are 33+ Cu(dmp)?™'* couple was estimated from both the oxidation
3 st 314 2 kJ mof?t, and —110 £ 10 J mof? K1 reactions of Cu(dmp} by Ni(tacn}** and Mn(bpyQ)3** and
respectively. the reduction reaction of Cu(dmpgj by Co(bpy}?". By using
Reduction Reaction of Cu(dmp}?* by Fe(PMCp),. The the Marcus cross relation, the estimated self-exchange rate

reduction reaction of Cu(dmg) by Fe(PMCp) also shows constants were 5.9 10% and 2.9x 10* kg mol~! s~ from the
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results of the oxidation reactions, while the result for the complex is very fast (2« 1P s71).38 Therefore, the solvent
reduction reaction gave merely 1.6 kg mbos~L. As the electron dissociation process may not compete withkbgprocess. The
exchange rate constant directly measured by the NMR methodactivation entropy for théog process was estimated ad10
is 5 x 10 kg mol! s71,27 it is obvious that the reaction =+ 10 J mof! K1 Such large negative activation entropies were
involving the Cu(dmp¥™* couple is also “gated,” and the also reported for several racemization reactions through the
preferred pathway for the redox reaction of this couple is path “twist” mechanism in which similar a structural change to that
B in Scheme 1. The results for the reduction reaction of for thekog process is expectéfl As the theoretical investigation
Cu(dmp)?*™ by Fe(Cp) also strongly indicates that the reaction for intramolecular ET reactions by Brunschwig and Sutin
is “gated” and proceeds through path B in Scheme 1. suggests that no gated process involving conformational change
According to Scheme 1, Rorabacher et al. derived rate laws Of intramolecular ET can compete with the direct electron
for oxidation and reduction reactions corresponding to path A transfer in thenormal region° the kinetic results obtained in
and path B as follows, by assuming steady state for the this study strongly indicate that the reaction involves a confor-

concentrations of the intermediates,'C(Q) and CUL(P)4® mational changerior to the outer-sphere electron transfer.
Calculation of the Ligand Field Activation Energy. With
Reduction Reaction thed® configuration, Cu(ll) ion prefers a tetragonal structure in
I generaf When the intermediate, ¢L(Q), is the same for
_d[Cu'L] _ KaoKpr + KeaKoq % reduction reactions with any reductant, the Marcus type cross
dt KoalAod T kg KgolAged 1 Koo relation may be applicable to theg, process’® The deformation

from ground-state Cu(ll) ion to pseudo-tetrahedral Cu(ll) ion

Il
[CULONAR () lowers the crystal field stabilization energy of the Cu(ll) ion

Oxidation Reaction and also raises the redox potential for the cross reaction to occur
| more rapidly. This situation is shown in Scheme 2 by assuming
_diCul] _ KoaKrp n Kagkoo » a tetragonal structure for G=Cu(dmp}?*) in the ground state
dt KoalAod T Kor  KaolAgred + Koo and a pseudo-tetrahedral structure for=€C{u(dmp}?**).
[Cu'L(R)][A oJ (10) In case of Cu(dmp¥™, it has been reported that the ground

state structure is originally strongly distorted from the normal

. tetragonal structure and the dihedral angle between the two
where Azeq and Aox denote the reducing reagent and the N_cyl—N planes are close to 6874142Therefore Cu(dmps*

oxidizing reagent, respectively. When the reactions proceed gyhipits D,g Symmetry. In this study, we tried to calculate the
through path B, th(_e rate laws are expressed by the s_econd leMynergy difference (ligand field activation energy, LFAE)
of the gﬁlht'ba“d side of egs 9 and 10. As the reduction of Cu- peqyeen this largely deformed tetragonal ground state and the
(dmp)°" is “gated” through path B, the rate law is expressed pseydo-tetrahedral state, by estimating thBd.@alue corre-
by eq 6. In the case where the reaction corresponditgdaos sponding to the tetrahedral conformation of Cu(ds#i) (4 Ao/
slow, the reverse reaction for the conformational change in Cu- 9) from the diffuse reflectance spectrum of Cu(da@)Oa)».43

(I) species, koo, may be very fast. The validity of this  The gpserved band maxima (in cifor Cu(dmp)(ClOy), are
assumption is given later. When the concentration pfqsAs listed in Table 3. For a Cu(ll) species with the perf@gt;
large enough, the two processége[Ared and koo start 1o symmetry, three—d bands corresponding to the transition from
compete. Therefore, the slope of the plot in Figure 3 correspondszB2 to 2E, 2B,, and2A, are predicted. Further distortion from
to koolkooks2 (=1/Kogkez). On the other hand, when the p,; to D, or C,, and/or the spirorbit coupling causedE to
concentration of Aeqis small cqmpared with [CLL], i.e., kgz- split into Ts and T'7.4445 As the strong distortion from the
[Ared < koo, the rate law is reduced to eq 11 and the gginary tetragonal structure lifts the degeneracy of dill
dependence of the pseudo-first-order rate constant on theorbitalsf‘&”four major absorptions corresponding?® — I'+-
concentration of CLL is linear as seen for the reaction of Cu- (?E), 2B, — 2By, 2B, — I'4(2E), and?B, — 2A; should appear in

(dmp)*" with Co(bpy}?*. the visible and near-IR region. Each observed band maximum
was assigned as shown in Table 3. It is assumed that the energy
_ kOQkBZ cu'L 11 level for spherically symmetric CuNgeometry lies close to
Kops = Koo [CuL] (11) the difference in the weighted mean energy level3 @ind E
terms. Therefore, the tetrahedrald@ may be close to 6260
cm~1 for Cu(dmp}?*. The octahedral 10q value for Cu(eny*"

Similar results to those shown in Figure 3 were reported by was reported as 1.64 10* cm-t by Orgel# Therefore, the

Sykes et al. for the reaction of Cu(dpsnfp)?>2* The rate
constant ko) for the conformational change of Cu(dpsniip)

(38) Rablen, D. P.; Dodgen, H. W.; Hunt, J. R.Am. Chem. So0d 972

was reported aga. 140 s'. The difference ofkog for the 04 1771,
deformation of Cu(dmpf* and Cu(dpsmp}~ may be attributed  (39) Lawrance, G. A.; Stranks, D. Rorg. Chem 1977, 16, 929.
to the difference in the basicity of dmp and dpgmjigands: (40) Ratner, M. A.; Levine, R. DJ. Am. Chem. S0d.98Q 102, 4898.

in the studies of Cu(dmg)" and Cu(dpsmp$~ in water, a water 1) K;’;:hé{ama' Y.; Kobayashi, N.; Takagi, H. org. Chim. Actal 998

molecule is coordinated to Cu(ll) ion where the hydrolysis (42) van Meerssche, M.; Germain, G.; Declercq, J.QRyst. Struct.
constants of Cu(dmp)" and Cu(dpsmp§~ have been obtained Commun1981, 10, 47.
5.8 and 5.3237For the reaction of Cu(dmg)"'* in acetonitrile (43) Figgis, B. N.Introduction to Ligand FieldsJohn Wiley and Sons

it is also likely that a solvent molecule is coordinated to Cu- Inc.: New York, 1966. ; ;
y (44) Lever, A. B. PInorganic Electronic Spectroscop2nd ed.; Elsevier:

(dmp)?*.2” However it has been reported that the rate constant New York, 1984.

for the water exchange in the &@,2,2"-triaminotriethylamine (45) Ferguson, J. Chem. Phys1964 40, 3406.

(46) Gouge, E. M.; Geldard, J. F.; Sinn, lBorg. Chem.198Q 19, 3356.

(47) Gouge, E. M.; Geldard, J. horg. Chem.1978 17, 270.

(37) Tran, D.; Skelton, B. W.; White, A. H.; Laverman, L. E.; Ford, P. C.  (48) Orgel, L. E.An Introduction to Transition-Metal Chemistrieth-
Inorg. Chem 1998 37, 2505. uen: London, 1960.
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Scheme 2. Free Energy Diagrams for the Species in the Reactions of Cugdimp)th Ferrocene and Decamethylferrocene at
298 K

A: Reaction with ferrocene B: Reaction with decamethyl ferrocene

Path B

. AG' g =65 kI mal! AG” 5, =48 kI mol'!
AG"og= 65 kJ mol’!

AG® = 48 kI mol’!

AG®;=75 kI mol’!

AG® = 48 kJ mol™!

Table 3. Absorption Band Maximum for Cu(dmgC|O4), difference between Cu(dmg) in the ground state and the
Observed by the Diffuse Reflectance Spectrophotorfietry

tetrahedral Cu(dmpj™: the deformation from sterically
band maximum/cmt assignment constrained Cu(dmg)™ to Cu(dmp)?**. As the relaxation from
24390 charge transfer the steric interaction between the _bulky methyl groups on
13260 2B, — 2, different dmp ligands takes place, it is concluded that the free
9765 (broad) 2B, — I'¢(?E) energy difference between Cu(drgd) and Cu(dmpyt* is
9033 (shoulder) 2B, — 2B, somewhat smaller than 60 kJ maél
5981 2B, — I'+(?E)

From the fact that the reduction of Cu(drpid) takes place
aThe 1Mq value for the imaginary tetrahedral field was estimated through path B in Scheme 1, microscopic reversibility requires
as 6260 cm® from the difference between the average value of the that the oxidation reaction of Cu(dmp)(the reverse process)
?Bp — By and’B; — %A transition and the average value of the energy  should also take place through path B. Therefore, it is required
levels of?B,, I'7(°E), andT's(’E) (see text).

that CUL(P) [= Cu(dmp)™] is less stable compared with
Cutdmp),™ CU'L(Q) [= Cu(dmp)?*™] (cf. Schemes 1 and 2). In Cu(dmy)
§/2Al with d° electronic configuration, no change in the LFSE is
; IyCE) expected for the change in the coordination geometry. Therefore,
E / the free-energy difference between Cu(dsip) the ground
2 < 10Dg(Td) \5\231 state (tetrahedral) and Cu(dnap) (distorted tetragonal) should
spherical symmetry rCE) be attributed to the nature of Cu(l) with a strong thermodynamic
T . preference to form the tetrahedral geométtyis known that
imaginary tetrahedral ; the energy gap between the filled 8rbital and the vacants4
T

5, orbital is small in Cu(l), and that the combination ai-34s
hybrid orbitals with thep, orbital forms a stable linear

conformation ofd'® metal complexe$?5°In the same manner,

many copper(l) species achieve the stable tetrahedral gecthetry.

pseudo-tetragonal distortion

It is a very difficult task to estimate the electronic energy levels
10Dq value for the corresponding tetrahedral Gugyistem is 7 of tetrahedral and tetragonal forms of'®y system. However,
x 10° cm™L. Thus the value of 6.26 10° cm~! estimated for the free energy difference between tetrahedral and tetragonally
Cu(dmp)?" seems reasonable.

distorted CIN, geometries in solution may be roughly estimated
By using this value, the ligand field stabilization energies by using the stability constant of tetrahedral Cu(dghiecause

(LFSE) for the imaginary tetrahedral geometry and the ground- the stability constant includes not only the contribution of
state geometry of® Cu(dmp}?*™ are calculated as-2500 and geometric change but also the contribution of solvation free-
—7600 cnT! relative to the spherically symmetric geometry. energy changes accompanying the particular geometric change
Therefore, the largely distorted tetragonal structure of Cu- (3) Orgel, L. £.3. Chem. Socl058 4186
(dmp)?* in the ground state is still ca. 61 kJ mélmore rgel, L. E.J. Lhem. 50 :
stabilized compared with perfectly tetrahedral Cu(dstip) and (30 Fisher, K. J.; Drago, R. Snorg. Chem.1978 14, 2804.

c Tl (51) Gillespie, R. J.; Hargittai, The VSEPR Model of Molecular Geometry
this value can be taken as the upper limit of the enthalpy Allyn and Bacon: Boston, MA, 1991.
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The equilibrium constant for the following reaction is reported
as 16%1in water®?
Cu" + 2dmp=Cu(dmp) " (12)

By making a nare assumption that the chemical potential of
the distorted tetragonal form of Cu(l) is close to that for solvated
Cu(l) (although it is known that Cu(l) in acetonitrile is
tetrahedrally coordinated and stabilized), we estimate the free-
energy difference between the solvated,£Sand Cu(dmpy"
in water to be 109 kJ mot at 298 K. The transfer free-energy
from water to acetonitrile is less than 10 kJ miofor singly
charged cations such as CU{#2* Therefore, the free energy
change for the equilibrium expressed by eq 12 in acetonitrile
may be close to 100 kJ nidl.

Estimation of the Conformational Equilibrium Constant
(Kog). In the square schemé&,, koa, ksz, andkop represent

Koshino et al.

solution?® The slope of the plot of eq 7 gives Kdoksa.
Therefore, eq 14 is rearranged to eq 18.

Kgy = 5.4 X 10%Kcpi:KeeroSF (18)
whereS denotes the slope obtained from the plot in Figure 3,
and 5.4x 10* is the equilibrium constant for the reaction of
Cu(dmp}?" and ferrocene.

The value ofkc2++ may be estimated by Marcus thedry,
because this process is essentially controlled by the outer-sphere
reorganization free energy and the electrostatic terms: 14.0 kJ
mol~! for AG*,s and —2 kJ mol?® for AG*¢ou + AG*ph,
respectively by setting the ionic radii of both Cu species at 650
pm in acetonitrile at 298 K7 With 4.8 x 109 kg mol* s71
thus estimated fokc2++, a value of 3.0x 10 kg mol1 s71
was obtained fokg, by using the reported value &gso, the

the rate constants of electron-transfer reactions. Once theseelectron self-exchange rate constant for the ferricinium/ferrocene

values are estimated, the conformational equilibrium constant
can be obtained. The value ki, depends on the nature of the

couple (9 x 10° dm® mol~! s7%, ionic radii = 600 pm)%®
Therefore,Kog = 4.3 x 1077, and a value of 7.% 10’ st

reaction partner, as this process includes the effect of the inner-was estimated fokgo. The free energy difference between Cu-

sphere free energy change and the redox potential of the
reductant. However, we have a good reason to assumégthat

is very fast: the deformation of Cu(dmf) to Cu(dmp)™*
pushes up the redox potential of the Cu(dgij)™ couple
significantly, as the stability of Cu(dmy8)™* is reduced as much

as the potential gap between Cu(dspand Cu(dmpy*™* prior

(dmp)?™ and Cu(dmpy ™= is, therefore, ca. 36 kJ mol, which

is rather small compared with the estimated value, 60 k3ol
from the LFAE calculation. In the LFAE calculation, it is
assumed that the bond lengths between Cu(ll) and nitrogen
donor atoms do not change while the dihedral angle varies from
ca. 60 to 90. Therefore, a rather small energy difference

to the outer-sphere electron-transfer process. The rise of thebetween Cu(dmpj" and Cu(dmpy** may indicate the exist-

redox potential, which is equivalent to the LFAE, is estimated
by using the Nernst equation.

. . RT
E o = e — = IN Kog (13)

whereE°c2++, E°c2++, andF are the standard redox potentials
of the Cu(dmpy**/* and Cu(dmpy™* couples and the Faraday
constant, respectively. In this study, we obtained 0.280 V as
E°c2++ with reference to the ferricinium/ferrocene couple. As
it is expected that the value Bbq (= kog/koo) is small,E°c.2++

may be large. As a result, the, process is accelerated by a
large driving force AG® = —FE°¢,#+7/+) to achieve a very rapid

ence of a metastable form of Cu(drsfp) with different CU'—N
lengths from those for ground-state Cu(dgip)Such a structure
may be possible as the steric repulsion between methyl groups
is large in the ground-state Cu(drgp): the Cu-N bond length

in Cu(dmp)?>™ complex is 206 pm, which is almost identical to
that for the typical Cl+-N bond lengtht42 while a value of
199 pm is reported for the Cu(ll)-N bond length for pseudo
tetrahedral Cu(2,9-diphenyl-1,10-phenanthrolitie}® The mea-
sured second-order rate constant for the reaction of Cugd@mp)
with Co(bpy)?", 7.0 x 10? kg mol1s~! at 298K, corresponds
to keg2koo/kgo. As Kog is independent of the nature of the
reducing reagenkg; value for the reaction of Cu(dmg)” with
Co(bpyy?" was calculated as 1.6 10° kg mol~! s~%, which

electron transfer. Such a situation may be demonstrated on theggams reasonably smaller thag, for the reaction of Cu-

basis of the Marcus cross relation. For the cross reaction of
Cu(dmp)?™ and ferrocene, the coulombic work terms are
relatively small and may be ignored; for the Cu(ll)/(l) self-
exchange reaction is merely 1 kJ mbland W is close to
unity).35:36

Kgo = \/ Ko+ KeeroK g ose el W (14)
_ [N Kegspe T Weesre = Weusrer)! R-l]z (15)
4[N ke Kegud Z2 + (Weyprrr — Wegio)/RT]
~(Weprre T Weytrer — Weogprrs — WFe+/0))
W= ex SRT (16)
9.052z
= o 90%3 (kcal mol'™) (17)
a(1l+ 0.48%avu)

wherezis the charge on complex iorsjs the sum of the ionic
radii of each reacting species (A),is the ionic strength of the

(52) Sillen, L. G., Martell, A. E., EdsStability Constants of Metal-lon
ComplexesAlden Press: Oxford, 1971.
(53) Cox, B. G.; Parker, A. JI. Am. Chem. S0d.972 94, 3674.

(dmp)?" with ferrocene as the electron self-exchange rate
constant for the Co(bpy™2" couple is smalf’-58

Interpretation of the Mixing of two Paths. The free energy
difference between the ground-state Cu(dsfipand distorted
Cu(dmp)}>™ is not affected by changing reducing reagent, as
the change in the reaction partner merely influences the free
energy gapAG°oq, as shown in Scheme 2A and 2B. When a
more powerful reducing reagent is employed for the reduction
of Cu(dmp)?™, it is clear from Scheme 2 that the mixing of
path B and path A is expected to occur. Such case was observed
for the reaction of Cu(dmpd™ with Fe(PMCp) in this study.

This phenomenon strongly indicates that the interchange in the
activation process may take place for the gated electron-transfer

(54) Cox, B. G.; Hedwig, G. R.; Parker, A. J.; Watts, D. Must. J. Chem.
1974 27, 477.

(55) McManis, G. E.; Nielson, R. M.; Gochev, A.; Weaver, MJJAmM.
Chem. Soc1989 111, 5533.

(56) Miller, M. T.; Gantzel, P. K.; Karpishin, T. Bnorg. Chem.1998
37, 2285.

(57) Lappin, A. G.Redox Mechanisms in Inorganic Chemistigllis
Horwood: Chichester, U.K., 1994.

(58) Dunn, B. C.; Ochrymowycz, L. A.; Rorabacher, D.IBorg. Chem.
1995 34, 1954.
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reactions when the potential gap between the reactants andScheme 3

products are very large. The 500 mV larger potential difference
for the reaction of Cu(dmp}" with Fe(PMCp) lowers the
difference in the free energy levels between{QAred] and
[P + Aox] as shown in Scheme 2B, and the effective mixing
of path A and path B takes place. A computer calculation for
eq 8 gave a best-fit value of (2:56 0.1) x 10* and 3.2x 10%?
kg molt s7* for ka, andkg, by settingkog andkgo to 33 and
7.7 x 10’ s71, respectively. The activation free energy corre-
sponding to théka, process is 48 kJ mot, which implies that
the mixing of paths A and B takes place effectively and that
the energy level of the [P+ Apy] state in Scheme 2B is
somewhat smaller than this value. Therefore, the upper limit of
the original energy gap between P Aoy] and [R + Aox]
states in Scheme 2B is ca. 123 kJ MqAG®; + AG*»), while
the lower limit is 63 kJ moi? (the energy level of [QF Aged
relative to [R+ Aoy: AG°1 + AGoq. Thus, the free-energy
difference between Cu(dmg)and Cu(dmpy™ estimated from
the stability constant for reaction 12 (109 kJ milseems
acceptable.

A direct electron-exchange rate constant betweehL (D)
and CUL(P) without any structural change, which corresponds
to path A, can be calculated by usikg and the self-exchange
rate constant for the Fe(PMGp¥ couple as 5< 10711 kg mol~!
s1 (AG*=118 kJ mof?l) from the Marcus cross relation.
Therefore, it is shown that the direct electron exchange (path

A) does not compete with the electron exchange reaction through

path B.

Electron Self-Exchange ReactionThe electron exchange
reaction proceeds through the pathway with lower activation

Cu''L(0) + Cu'L(P)
%
g
=
=
=109 kJ mol!
Cu''L(Q) + Cu'L(R)
36 kJ mol’!
Cu''L(0) + *Cu'L(R) *CullL(0) + Cu'L(R)

Reaction Coordinate

x 10% kg mol~* s~1, which may be compared with the directly
measured value by NMR (5 10® kg mol?t s71).27 Similar
calculations were reported by Rorabacher e althe above
discussion implies that any outer-sphere electron exchange
process, gated or not, causes extra line broadening which
depends on the concentration of the paramagnetic species, [Cu-
(IN] (eq 20). Recently, Stanbury et al. reported a [Cu(ll)]-
independent rate constant for the Cu(Bit€) electron exchange
reaction (bite= biphenyldiiminodithioether}> They suggested
that the traditional entatic state view which attributes rapid
electron transfer at the blue copper sites to small structural
differences between the Cu(l) and Cu(ll) st&¥¢$ may be
incorrect. However, the results in this study indicate that the
classical entatic state view seems still valid, and the results
observed for the Cu(bit&)'" couple seems to be an exception

energy. Therefore, the electron self-exchange reaction for thecompared with the other reported results including the

Cu(dmp}?*'* couple proceeds also through path B. As the free
energy profile for the electron self-exchange reaction is sym-

Cu(dmp}?*'* couple.

metric along the reaction coordinate, it may be described as €onclusion

shown in Scheme 3. According to Scheme 3, the rate law of

A complete analysis of the electron-transfer reactions involv-

the electron-exchange reaction is described by eq 19, assumingng the Cu(dmp®*+ couple in acetonitrile was carried out in

steady state for Cu(dmg)™.
Cu(dmp)** % Cu(dmp)***

Cu(dmp)?™* + Cu(dmp)* ol
kerKoo/Kqo

rate = 7 Tk Q/kQO[Cu(I)]T[Cu(II)]T (19)
T 1o = kg [Cu(i] (20)

~ Kerkog/koo
Kex = T+ kogkoo (1)

where [Cu(l)} and [Cu(Il)}r denote the total concentrations of
Cu(l) and Cu(ll) species, respectively. Whégg is small
compared withkgo, which is the case observed for the reaction
of the Cu(dmpy*™* couple, eq 21 is reduced to eq 22.

Kex = Ketkoo/kqo

The values ofkgo and kog are 7.7 x 10’ s and 33 s,
respectively, whileker (ET rate constant within the precursor
complex without structural changkg2++) is 4.8 x 100 kg
mol~1 s~! as estimated above. Therefokey is calculated as 2

(22)

this study. It was shown that the reduction reaction of Cu-
(dmp)?" was “gated” because of the relatively slow confor-
mational change in Cu(dmg). The slow conformational
change in Cu(ll) ion was attributed to the large LFAE from
ground-state Cu(dmgd™ (the dihedral angle between two dmp
planes is close to 8)to the pseudo-tetrahedral Cu(drsp)-.

The mixing of path A (direct electron transfer) and path B
(involving slow conformational chang®ior to the outer-sphere
ET process) was observed for the reduction reaction of Cu-
(dmp)y?* by Fe(PMCp). The preference of path B for the
Cu(dmp}?*'* couple was explained by the relative instability
of Cu(dmp}™ compared to Cu(dmpj™*. The direct electron
exchange rate constant for path A was estimated asl5 1%

kg mol~t s~1 from the results obtained for the cross reaction of
Cu(dmp)?™ with Fe(PMCp). Although we cannot observe the
minor intermediate, Cu(dmg)™, the existence of such species
was suggested as thimeticevidence. Whether the Cu(dnap)*
species has a distinct tetrahedral structure or not is an open
question. The LFAE calculation may not lead to a certain
potential minimum for the suitable structure of the intermediate,
as discussed above. However, the reported Cullidistance

in Cu(dmp}?* is rather long because of the repulsion between

(59) Robandt, P. V.; Schroeder, R. R.; Rorabacher, DInBrg. Chem
1993 32, 3957.

(60) Williams, R. J. PEur. J. Biochem1995 234, 363.

(61) Kaim, W.; Schwederski, BBioinorganic Chemistry: Inorganic
Elements in the Chemistry of Lif@/iley: Chichester, U.K., 1994.
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four methyl groupdg? Therefore, the existence of a certain high-
energy metastable Cu(dmp)* with a shorter Ca-N bond
length may be possible.
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