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Copper(lll) Pyrophosphate Complexes in Aqueous Solution. A Pulse Radiolysis Study at
Ambient and High Pressure
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The reaction between OH radicals and [@0-).(H.0),]¢~ results in the formation of a Cu(lll) complex.

No reaction is observed withqNor Bry'~, whereas S@ initiates the same steps as seen w@. This
suggests that the mechanism probably involves a ligand interchangeaiord abstraction process. The
Cu(lll) complex undergoes a rapid first-order reaction, probably loss e®&'Pchelate, followed by addition

of OH™ (pKon ~ 10) to yield a Cu(lll) complex that is predominantly hydroxylated and has a relatively long
half life. The effect of pressure (up to 150 MPa) on the formation and subsequent reactions of the Cu(lll)
complex is used to help elucidate the mechanism of the different steps.

Introduction Pyrophosphate ¢®;*") is a very good ligand for the
formation of Cu(ll) complexes at neutral and alkaline pH. It

Cu(ll) has an extensively studied coordination chemistry and | o< heen establisie¥that. between pH=710, the predominant
has been implicated as an intermediate in both enzymatic a”dspecies in solution is a Cu(ll) complex with twe®#~ ligands.

nonenzymatic reactions in various systémBeptide complexes Recen€!P andH NMR studied? have shown that the complex

of Cu(lll) are remarkably ;table in neutral agueous solution. In ;.o pH range is [CY(P,07)2(H:0);]®~. The complex is most
general they undergo acid- and base-catalyzed redox decom'probably six coordinate, with the:©7~ serving as a bidentate

position reactions in which various prot_onated, dech_elated, and.pelate and each phosphorus having a tetrahedral geometry. A
deprotonated forms are the redox active spetfe€vidence  .,cia| feature for pulse radiolysis experiments is thad#-

for a decarboxylation reacfrlor'l prior to the rgdox decomposition reacts relatively slowly with OH radicals, making it possible to
has been reported.These findings all underline the remarkable  iqize the Cu(ll) complex without interference of competitive
substitution stability of Cu(lll) complexes in such systems, as ligand oxidationt213

compared to the very labile complexes usually formed by Cu- Our aim in this paper is to generate and characterize Cu(lll)

(- . . . L ) complexes in aqueous solution in neutral to alkaline pH. Then,
Pulse radiolysis studies of the oxidation of copper ions and having established the conditions under which a reasonably

hydroxo complexes by OH radicals in acidic to almost r%%tral stable Cu(lll) complex is formed and the nature of the complex,
pH have shown that transient Cu(lll) complexes are forftted. 1,5y he possible to probe the reactivity of that complex with

In addition, theae7quilibrium between Cu(Off)and Cu(OH) other metal complexes or with organic substrates. In order to
was estaphshe * These studies suggest that theOsC“E?H) assist the elucidation of the underlying reaction mechanisms,
c9mple>_< IS f°fm‘?_d at neu@ral PH at a ratelgt= 3 x 1 M we have also studied the effect of high pressure on the formation
s land is in equilibrium with the Cu(OHY species with a kg, of the various Cu(lll) complexe: 16

of 4.0. '

Materials and Methods
CUW" +°OH+ 2H,0— Cu(OHy + 2H  k, (1)
Materials. All solutions were prepared using water that, after
Cu(OH), + H" = Cu(OH)," + H,0K, (2,—2) distillation, was passed through a Millipore ultrapurification unit.
Copper(ll) pyrophosphate solutions were prepared by mixing
. . . Nay,P,0;-10H,0 (Alfa Products) and CuS@puratronic, Johnson
Studies at pH 6 have shown that there is no chande &s Matthey Chemicals, Ltd.). The pH was adjusted by the addition
a function of pressure and suggest that the system is bestyt sodium hydroxide or sulfuric acid (both Ultrex, J. T. Baker
described by a rate-determining liganidterchange mecha-  chemical Co.). The ionic strength was fixed when necessary
nism? The mechanism by which Cu(Okf) and Cu(OH) by the addition of NaCIQH,O (G. F. S. Chemicals). The
disappear involves the formation of peroxide and, at lower pH, ;.5 ,0H (Aldrich Chem. Co.) was purified by successive
the probable formation of an OH radicalThese earlier studies recrystallization. Nabj Na,S,0g, and KBr were of the highest
were limited to the pH range oH)?_ because of the formation purity commercially available and used as is. Hydrogen
of insoluble copper oxides at higher pH. The only other nergxide was Ultrex (J. T. Baker Chemical Co.) and all gases
experimental “Wlndow"_ln agueous solution is at very aIkaI|r_1e used (NO and Q) were UHP grade (99.999% purity).
pH, where_the copper is made soluble by the addition of high Methods. The pulse radiolysis experiments were carried out
concentrations of OH at the Brookhaven National Laboratory 2 MeV van de Graaff
accelerator. Dosimetry was carried out using 10 mM KSCN

lEgggk,tl‘g;i’g;‘a’l\‘ﬁgggf;t'afboratory- and taking the molar extinction coefficient of (SGN)as 7950

$ University of Erlangen-Nthberg. M~ cm™t at 472 nm, assuming @ value of 6.13. The path

® Abstract published ilAdvance ACS Abstractgune 15, 1997. length was 2 cm, and the dose was varied from—28 uM
g u
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radical. Experimental conditions were 2& and ambient
pressure unless otherwise specifie®Co y-ray experiments
were carried out in a source that emits 400 rad/min. All-tV
vis data were collected on a Cary 210 spectrophotometer
thermostated to 25C.

All experiments were carried out using at least a 4:1 excess
of pyrophosphate. The quoted molar extinction coefficients
were obtained assuming @ value of 5.3 unless otherwise
specified (as calculated using the equation given in ref 24) and
that complete scavenging of the primary radicals occurred. No
changes in the U¥vis absorbance of the Cu(ll)pyrophosphate
solution was observed between pH 7 and 11.5. Pulse radiolysis
experiments at elevated pressure (up to 150 MPa) were
performed in a four-window high-pressure cell using a pillbox
optical cell as described elsewhérg:18

Results

Upon radiolysis of water, the following species are
formed?®

H,O ~> OH(2.74), g, (2.76), H(0.55), HO,(0.72),
H,(0.45) (1)

The values in parentheses #@evalues, that is, the number of
species produced per 100 eV of energy dissipated in water.
Irradiation of an NO saturated (0.022 M) aqueous solution
results in the conversion of& to OH radicals, reaction 3 with
a rate constant df3 = 9 x 1° M~1 57120

€q T N,O+H,0O—N,+"OH+ OH Kk, 3)
If N5~ or Br~ is added to the above solution, tf@H radical is
scavenged to yield the oxidizing radicals’Nr Br,*~ with a
rate constadf of ky = 1.2 x 10°M~1standks = 1.1 x 1010
M~1s1,

"OH+ N, — N, + OH k, 4
‘OH+ Br — "BrOH kg (5)
‘BrOH +Br —Br,” + OH kg (6)

The oxidizing radical S@ is generated in an argon saturated
solution containing peroxodisulfate with a rate constank;of
= 1.2 x 10 Mt s1. The g4 can also reduce [Cu
(P.07)2(H20),]®~. The rate of reaction 8 was measured to
establish the concentration range wheg®Nscavenging

&g T S05° — SO +SO k, )
[Cu"(P,0,),(H,0),]° + &, — [CU'(P,0,),(H,0),] kg
(8)

of the aqueous electron will dominatetert-Butanol is an
effective*OH radical scavenger; the resultadett-butyl radical
is relatively unreactive but, at most, it will reduce [Gu
(P.07)2(H20),]%~ or add on to the metdL Reaction 8 was
monitored by following the disappearance @feat 700 nm
(10 mM tert-butanol, 56- 200 uM CuSQ,, 1 mM pyrophos-
phate, pH 11.0ks = 1.3 x 10° M~1s™L. The slow rate constant
for reaction 8 relative to reaction 3 allows® scavenging to
dominate even at 10 mM [C(P,07),(H20)2]6.
The H atom, although formed with a relatively small yield,

is known to reduce Gi" ions (ko < 9.1 x 10° M~1s7120) At

Cabelli et al.

g T T T T T T
8 BBC ]
— 7k 3 m
£ o,
o 6F 3
]
= 5¢f 8 A ]
M 4 9% C{O ]
| &
o 0,
— 3 e O\O -
x O \ 3
1Y O,
w 2f % k) ]
x
Tr 3 .‘o..
vee 1
o] I TR S DY AT S S 2 Loaa i ‘..??”?
300 350 400 450 500 550

wavelength, nm

Figure 1. The molar absorbances as a function of wavelength for the
transients formed at (A) 2s, (B) 30us, (C) 5 ms. Conditions: pH
11.0, 5 mM [Cu(RO)2(H20),]%~, 15 mM BO7*~, N,O saturated, 0.5

M NaClO;.
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Figure 2. The change in absorbance as a function of time for pulse
radiolysis traces at 3bs, 5 ms and 10 s (420 and 300 nm) showing
the formation of transient#\, B, and C and the disappearance of
transientC (D). Conditions: pH 11.0, 5 mM [Cu@®-)2(H20);]%~, 25

mM P07, N;O saturated.

high pH, the H atom is converted to thgsevia reaction 10,
with

H' + Cu " — Cu, +H' kg (9)

H'+OH —e, +H,0Ky, (10,-10)

pK10=9.6 (klo =24x 10 M1g122 andk_;o= 1000 st 23).

The rate of reaction betweert Bnd [CU (P,O;)2(H20),]¢~ was

not measured but the results suggest that the reaction occurs

with a rate constant that is somewhat lower tka(vide infra).
The molar extinction coefficients that are quoted in this paper

were obtained usin@ values calculated from the equation of

Schuler et af* using a [Cl(P,07)2(H20),]®~ concentration of

0.5-10 mM. At pH < 11, where the H atom is not converted

to the hydrated electron, ti&OH) was taken as 5:25.33. At

pH > 11, where His effectively converted to hydrated electrons
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and then to OH radicals via addition of,®, the G(OH) was
taken as 5.85.93.

Upon pulse radiolysis of a MD-saturated aqueous solution
containing 0.0050.2 M pyrophosphate and 0.060.02 M
CuSQ, a transient is formed with a maximum at 400 nm and
a molar absorbance of 7400 Mcm™1, Figures 1A and 2A
(top and bottom trace). Sind€'OH + P,O/4") = 2.2 x 10°
M~1s1atpH 10.0, a ratio of [fD7*~ J/[Cu"(P.0O7)2(H20)257]
< 15/1 was maintained in order to insure that ¢ did not
react directly with PO,

The rate of this initial reaction varies with copper complex
concentration and plots &;,s vs [CU'(P,O7)2(H20).87] at pH
8 and pH 11 yield straight lines with small intercepts, for which
ka = 9.3 x 10’ M~ s71, Figure 3. The intercepts (42) x
1% s71) are larger than expected from®H recombination
(K[OH] ~ (1—4) x 10* s or reaction of*OH with P,O7*~
(K[P2074] ~ 2 x 10* s71). It is possible that much of the
intercept is due to the reversibility of one of the steps forming
transientA (see Scheme 1).

SCHEME 1

cu'(P,0,),(H,0),*” + "OH Y
[CU”(P207)2(H20)(OH)]67 +H,0 (A)

fast

[CU'" (P,0,)(H,0)(OH)I*” —
[CUI“ (PO7),(H,0)(OH )] -
A

[Cu" (P,0,),(H,0)(OH ) >
[Cu" (P,0,),(H,0)(OH )]*” + P,0;* (B)
B
(Cu" (PLO)(HONOH I +OH =

[cu" (P,0,)(H,0)(OH),]* (C,—C)
C

2[cu" (P,0,)(H,0)(OH)1*~

2P,0/4~
BorC =

2 Cd'(P,0,),(H,0),°” + H,0, (D)

ke

[Cu" (P,O)(H,0)(OH)I*” + H,0, -
’ Cu'(P,0,),(H,0),’” + HO, (E)
[cu" (P,0,)(H,0)(OH > + Hozpsz;;
° Cu'(P,0,),(H,0),>” + O, (F)
ks

D —

2 pos

[Cu“'(P207)(%20)(0H*)2]3* +H,0

CU”(P207)2(H20)267 + 0, (G)
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Figure 3. The change in observed rate as a function of [Cu-

(P,O7)2(H20),]%7] for reaction A. Conditions: 0.050.2 M R.O7*~, N,O
saturated, pH 8@) and 11 [0).

At pH < 9.5, a first-order disappearance of roughly 10% of
transient B is observed. This rate is proportional to the
concentration of transient B in solution, yielding a bimolecular
rate constant of (23) x 10® M~1s™1. This process is likely a
reaction between the Cu(lll) complex and the' @rmed by
reduction of [CU(P,07)2(H20),]6~ by H. At high pH (pH >
11), this first-order process is no longer observed. As a
competition exists between Otand [CU (P,07)2(H20),]¢~ for
H* at pH 11, reaction 10 is preferentially removing the H atom.

To confirm this mechanism, an argon-saturated aqueous
solution containing 0.2 M pyrophosphate and 6-:0104 M Cu-

(1) at pH 8.5 was pulse irradiated. Here, botgeand H
reduce [CU (P,07)2(H20);]¢. A bimolecular rate constant for
the reaction of Cu(lll) and Cu(l) of 3.4 1 M~ s ! was
calculated using the kinetic equation describingtAB — C
where AA] = [B] and assuming that [Cu(I¥ 1.2 [Cu(lll)].1°

At pH > 9.5, transienB disappears by a strictly first-order
process with the concomitant formation of a third transient with
a maximum at 300 nm and a molar absorbance:®500 M1
cm!, Figures 1C and 2C. The rate of this process is
independent of dose and [[({P.07)>(H20),]"] and appears
to be relatively independent of §8:47]. The rate is, however,
proportional to [OH] and is strongly ionic strength dependent,
Figure 4. As shown in Figure 4, k¢, andK are 8.3x 1(P
M 1s1 1.4x 10¥s L, and 5.8x 10° M1, respectively, when
measured in a solution containing both 0.5 M Nag#énd 0.05
M pyrophosphate. These rate constants all become slower at
lower ionic strength; the traces in Figure 2 were measured at
significantly lower ionic strength. However, it is impossible
to quantify the ionic strength effect and thus obtain a measure
of the charge on transie® since the overall ionic strength of
the solution is so high.

Both Cu(lll) complexes B and C) disappear by processes
that display mixed kinetics but are predominantly bimolecular.
The rate constants associated with these processes are of the
order ofkp ~ 1®* M1 s71. As both Fe(IV) pyrophosphaie

The initial transient disappears at a first-order observed rate and Cyg" ® decay by second-order processes with the formation

of (7—8) x 10* s71 (Figure 2B) with the concomitant formation
of a transient with a maximum at 350 nm and a molar
absorbance of7600 M1 cm™t, Figure 1B. This rate constant
is independent of ionic strength, f8*7], [Cu(ll)], and dose.

A very small decrease in rate with pH is observed; at low pH
(ca. 7-8), the rate decreases to«2) x 10*s™1,

of peroxide (with, in the latter case, an additional pathway that
is first order and forms OH radic&)s a mechanism involving
reaction D in Scheme 1 seems likely. In order to further define
the mechanism, the reactions between both Cu(lll) fdBnasid

C were studied as a function of peroxide concentration, reactions
E andG in Scheme 1. Both reactions were shown to occur
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Figure 5. Arrhenius plots of the three observed processes at pH 11.0.

with rate constants dic = 7.3 x 10° M~1s1andkg ~ 2.4 x
10° M~1s71, Both of these reactions yield H®@adicals, which

Conditions: 0.05 M EO/~, 7.5 mM CuSQ, N,O saturated.

TABLE 1: Summary of the Measured Activation

at pH 7 will rapidly deprotonate to yield 0. Therefore, an Parameters

Oy -saturated solution containing Cus@—10 mM) and BO#*~ E. AL AS AV
(0.1 M) was pulse irradiated. Here, thgeadds to Qto yield KkJ/mol A KJ/mol J/(mol’ K) cmimol
O,~ while the OH radical reacts with the Cu(ll) complex to 5

yield, ultimately, eitherB or C. The rate constant for the ’é %ggi ;i gfxloll? 3(7)"2i %i :igig :%'iig'g
reaction between £ andB or C was measured under second- c 28:91 0:8 2 7% 1P 26:31 0:8 —92+3 —5:61 0:4
order conditionske = 2 x 18 M~1s™1. As s apparent, all of

these reactions are as fast or faster tkaand will, therefore, i . T

enter into the overall mechanism. The extent to which the
observed kinetics can be fitted by these four reactions and
whether OH radicals are indeed formed or a first-order process
involving ligand decomposition occurs are out of the scope of
this paper. No formation of a final product absorbance in the
UV —vis or net loss of [Cl(P,O7)2(H20),]¢~ was observed on
the time scale of these experiments (fromslto 100 s).

The net recovery of all the parent [(QP,0;)2(H20),]%
complex in the overall mechanism was confirmed#go -ray
studies. Irradiation of a dD-saturated solution at pH 11 led to
no loss of starting [CYP»07)2(H20),]6~ and no formation of
either a precipitate or of metallic copper.

The three processes observed at pH 11.0 were measured as
a function of temperature, Figure 5. The lagsvalues were,
in all cases, linear with the change in temperature-8%°C)
and activation parameters were obtained, Table 1. In addition,
the three aforementioned processes were also studied at pH 11.0
as a function of pressure, Figure 6. ThekpVvs pressure plots
were linear over the pressure range-4188 MPa, and activation
volumes were calculated from the slopesAV#/RT) of these
plots.

Br,~/Ng* were generated by pulsing.8-saturated aqueous
solutions containing either 0.1 M KBr or 0.1 M Nafdnd 0.1
M P,O4 and 0.01 M CuS@at pH 10. No reaction was
observed at 0.4M Bry*~, yielding a limiting rate ok(Brx*~ +
[CU"(P,O7)2(H20)]%7) < 1 x 1® M~1 s No reaction was
observed with 0.4«M Ngz°, giving a limiting rate ofk(Nz® +
[CU'(P,O7)2(H20),]87) < 2.7 x 10° M~ s SO~ was

k sec
obs’

In

o, lg—§—8 8

0 50

100

Pressure, MPa

Discussion

150

Figure 6. The change in rate as a function of pressure for the three
observed processes at pH 11.0. Conditions: 0.05,8%P, 7.5 mM
CuSQ, N.O saturated.

The observed processes can be described by the mechanism
given in the Scheme 1. A limited number of studies have been

generated by pulse irradiating an Ar-saturated aqueous solutiorreported in which the metal center of Cu(ll) complexes have

containing 0.1 M RO+, 0.1 M NaS;0g, and 0.01 M CuS©®
at pH 10.5. A rate constant &SQy~ + [CU" (P207)2(H20)]%7)

= 1.4 x 10’ M~1 st was measured. More significantly, the
subsequent processes described above forGe initiated
mechanism were also observed here.

been oxidized by inorganic radicals; see Table 2 for a selection
of relevant rate constants (ref 20 and references cited therein).
The rates, taken in conjunction with the redox potentials for
these radicalsE("OH/OH") = 1.89 V,E%(*OH,H"/H,0) = 2.74

V, EYSO;/SO2™) = 2.43 V,E°(Br*~/2Br~) = 1.66 V,E9(N3*/
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TABLE 2: Summary of Relevant Reactions of Copper Complexes

reaction k,M-ts? AV#, cmEmol? ref
*OH + Cut — Clpd™ + OH- 35x 10 0.7 7
N3 + CU'GlyGlyHis — Cu" GlyGlyHis + N3~ 5x 1C° 5 4
*Br,~ + CU'GlyGlyHis — Cu'" GlyGlyHis + 2Br~ 4 x 10 4
*OH + [CU” (P207)2(H20)2]67 g [CU”I(P207)(H20)2]57 + OH™ 9 x 10 -1.8 this work
SO~ + [CU”(P207)2(H20)2]6_ g [CU”I(P207)2(H20)2]5_ + SO 1x 10 this work
Bry*~ + [CU" (P,07)2(H20)]¢~ — nr2 <1x10° this work
Nz* + [Cu"(P,O7)2(H20)]6 — nr2 <2.7x 1P this work

anr = no reaction.

N3~) = 1.33 V)5, suggest that the initial process described here species. This is likely the addition of hydroxide as a ligand to
is best described as a rate-determining ligand-interchangethe copper accompanied by the partial loss of pyrophosphate.
reaction?® In addition, the oxidation potential for SO is, at This could involve the loss of 7~ from the ring-opened

pH 8—-11, considerably higher than that@H, while the rate transient produced in the second reaction step or from the
of oxidation of the copper complex by the former is slower. remaining chelate on the Cu(lll) center. Transi€htbears
This argues against an outer sphere electron transfer process astrong resemblance spectrally to all of the'Cuydroxides that

observed upon oxidation of ®GlyGlyHis by Ng. The are knowrf At lower pH, this reaction is not observed because
relatively low measured activation energy for the reaction A is of the equilibrium with a back reaction that involves binding
also in accord with this mechanism. of P,O74~. In general, Cu(ll) hydroxo species are expected to

Strong support for this mechanism comes from the very small be significantly less labile than the corresponding aqua species,
activation volume found for the first step (reaction A, Scheme which will account for the absence of the back reaction in basic
1). The value of-1.8 4+ 0.7 cn® mol~ is very small and in medium. The volume of activation found for the third process,
close agreement with that found for the reaction ofGgwith —5.64 0.4 cn? mol™, is significantly more negative than for
*OH & Furthermore, it was recently reported that electron the first two reaction steps. The coordination of an additional
transfer reactions between metal ions and radicals that are notydroxy ligand will be accompanied by a volume collapse due
diffusion controlled exhibit pressure dependences that supportto a small contribution from intrinsic effects and a larger
a ligand-substitution controlled proce®sLigand substitution contribution due to solvational effects as a result of charge
on aquated Cu(ll) ions is expected to follow a dissociative concentration.
interchange mechanismg)ldue to JahaTeller distortior?” Again the binding of OH could follow an k type of
However, in the case of chelating Cu(ll) complexes a changeover mechanism if it involves the simultaneous or concerted release
to an associative interchange mechanisgnodn occur, as was  of coordinated FO7*~. Such an interchange process will also
recently reported for solvent exchange and complex formation account for the observed activation volume.
reactions of Cu(tren)pD?" (tren = 2,2,2"-triaminotriethyl- If we compare the activation entropies and volumes for all
amine)?® The slightly negative volume of activation found in  three reactions, we can see an interesting trend. Going from
the present system can therefore be interpretated as evidenceeaction A to B we can observe a decrease in the activation
for a pure interchange (I) or an associative interchange (I entropy from—66 to —91.6 J/K mol. This decrease is in line
mechanism that controls the interaction between "[Cu with the decrease in the activation volume frem.8 to —5.6
(P207)2(H20)2]®~ and*OH. cm?/mol, indicating a direct connection between both param-

The second process (reaction B, Scheme 1) is accompanieckters.
by a significant blue shift of the absorption spectrum, a  Studies are currently in progress that address the issues of
substantively higher activation energy, and a slightly more Cu(lll) reactivity with other metal complexes and organic
negative volume of activation. While we recognize that the compounds and the mechanism of decay of the final Cu(lll)
affinity of Cu(lll) for pyrophosphate might be expected to be transient(s) over a pH range of-81.5 as mentioned above.
greater than that of Cu(ll), these observations are interpreted
as evidence for the loss 0b®;*~ on the Cu(lll) transient. In Acknowledgment. The authors would like to acknowledge
general, complexation of copper by®*~ is accompanied by  very helpful discussions with Dr. H. A. Schwarz. This research
a red shift in the absorption spectrum, viz.2€4 (220 nm) vs was carried out at Brookhaven National Laboratory under
[CU"(P,O7)2(H20),]%~ (270 nm) and Cu(OHJCu(OH)+ (300 contract DE-AC02-76CH00016 with the U.S. Department of
nm) vs [CU'(P,O7)2(H20)2]° (400 nm). Thus the observed Energy and supported by its Division of Chemical Sciences,
blue shift (Figure 1) could be indicative of the loss ofo?*". Office of Basic Energy Sciences. R.v.E. gratefully acknowl-
This reaction exhibits no significant pH dependence, i.e., does edges financial support from the Deutsche Forschungsgemein-
not involve a reaction with OHand most probably involves  schaft and the Volkswagen-Stiftung.
the rate-determining ring-opening of the?*~ chelate. Such
a ring-opening reaction will involve some charge separation that References and Notes
can compensate the expected_intrinsic volume in_crease and result (1) (a) LevasonW.: Spicer, M. DCoord. Chem. Re 1987,76, 45.
in the observed overall negative volume of activation-&.4 (b) Goldstein, S.: Czapski, G.; Meyerstein, D.Am. Chem. Soc990,

+ 0.3 cn? mol~L. Alternatively, dechelation can involve rate- 112,6489.

determining binding of a solvent molecule in an interchange  (2) Rybka, J. S.; Kurtz, J. L.; Neubecker, T. A.; Margerum, D. W.
fashioni.e., the entrance of a solvent molecule into the Cu(lll) '”Or?é)c&zg'g?usrg:lg’ 5\/7 ?éﬁgﬁaggfe}?_cﬁ? éhoir;:r,]ﬁ. b.. Burce, GIL.
coordination sphere accompanied by ring opening of the chelate.am. chem. Sod 975,97, 6894.

Such a process could easily result in the small negative volume  (4) Goldstein, S.; Czapski, G.; Cohen, H.; Meyerstein, D.; van Eldik,
of activation. R. Inorg. Chem.1994,33, 3255.

; ; ; (5) Baxendale, J. H.; Fielden, E. M.; Keene, J. PPliise Radiolysis
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