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We provide a mechanistic study of a monooxygenase model system and detail low-temperature stopped-flow
kinetics studies in acetone as solvent, employing both the use of rapid-scanning diode-array observation and
variable high-pressure (20.L00 MPa) techniques. The dicopper(l) complex employed is({-XYL-H)] 2+ (1),

with the H-XYL-H ligand wherein an-xylyl group links two bis[2-(2-pyridyl)ethyl]amine units. This reacts with

O, reversibly ki/k-1) giving a peroxe-dicopper(ll) intermediate [G(H-XYL-H)(O2)]?" (2), which thereupon
irreversibly ) reacts by oxygen atom insertion (i.e., hydroxylation) of the xylyl group, producing(FCYYL-
O7)(OH)]2* (3). Activation parameters are as followkj, AH* = 2.1+ 0.7 kJ/mol,AS" = —174+ 3 J/(K mol);

k_1, AH* = 80.3+ 0.8 kdJ/mol,ASF = 77 + 3 J/(K mol); ko, AH* = 58.2+ 0.2 kJ/mol, ASF = —5.8 4+ 0.9 J/(K

mol). These values are similar to values obtained in a previous study in dichloromethane. At low temperatures
and higher concentrations, the situation in acetone is complicated by a pre-equilibriio ah isomer form.

The present study provides the first determination of activation volumes for individual steps in copper
monooxygenase reactions. The data and analysis provide\Wigk;) = —15 + 2.5 cn#/mol andAV¥(k_;) =

+4.4 4+ 0.5 cn/mol for formation and dissociation &, respectively, whileAV¥(k,) = —4.1 + 0.7 cn¥/mol; a

volume profile for the overall reaction has been constructed. The significance of the findings in the present study
is described, and the results are compared to those for other systems.

Introduction ligand present at the putative catalytic oxygenating Cu center,

Copper monooxygenases catalyze a number of differentw'th Cu-+Cu ~ 11 A. Evidence has been presented for the

reactions and include enzymes possessing varied active sitdresence of clusters of copper ions at the active site_s of bacterial
structures:2 Tyrosinasé possesses a dinuclear active site similar particulate methane monooxygenase and ammonia monooxy-

to that in hemocyanirigarthropodal and molluscahblood G genase anymésg.

carriers), where the reduced dicopper(l) site reacts with O  Chemical model systems for copper monooxygerfaseare
giving au-nZn2-peroxo bridged dicopper(ll) species (G€Cu of interest in elucidating fundamental aspects of copper/dioxygen
~ 3.6 A) capable of phenol substrate oxygenation (producing interactions, and for the potential to develop reagents or catalysts
o-catechols, oo-quinones direct§%). Dopamine-monooxy- for selective organic oxidatiorg 14 In the past few years,
genase (PBM) (benzylic hydroxylation; dopamine= norepi- considerable attention has been given to discrete dinuclear
nephrine) and the related peptidylglycineamidating mono- . . .
oxygenase (PAM) also require two copper ions per functional (7) ggige%iélsg-gg?z'éghfggg_gog'ppe“ B. A, Mains, R. E.; Amzel, M.
subunit! an X-ray structuréof the latter reveals a methionine ®) Elliott, S. J. Randall, D. W.: Britt, R. D.: Chan, S.J. Am. Chem.

S0c.1998 120, 3247-3248.
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Figure 1. Model system for copper monooxygenases involving a
dicopper(l)/Q mediated hydroxylation of the xylyl ligand aromatic

substrate The scheme shown was deduced from stopped-flow klnetlcs

studies in CHCI, as solvent (PY= 2-pyridyl).

copper system$!® in focusing attention upon reversible, O

binding (i.e., models for hemocyanins) and possible biomimics
for tyrosinase. One such successful model system involves the,

reaction of molecular oxygen with the dinuclear complexjCu
(H-XYL-H)] 2" (1), during which intramolecular ligand hy-
droxylation occurs quantitatively, giving [GH-XYL-O ~)-
(OH)]J#" (3) (Figure 1)1617The peroxo complex [G(H-XYL-

Becker et al.

In this report, we describe further mechanistic inquiries into
the reaction described in Figure 1, (i) by probing the use of
another solvent, in particular, acetone, and (ii) by investigating
the pressure dependence of the reaction. Variation of reaction
medium can provide further insights into mechanism, due to
differential stabilization of intermediates, binding of solvents
in key labile coordination sites, etc. The application of high-
pressure mechanistic studies to inorganic, bioinorganic, and
organometallic chemistry has blossomed in the past deéatfe;

a high-pressure kinetics investigation of inding to hemocya-

nin has been reportéd.Determination of activation volumes
(AV¥) and construction of volume profiles can considerably aid
or confirm the assignment of intimate mechanism on the basis
of specific volume changes along a reaction coordipfafi:38.39
Here, we describe a study of the reaction in Figure 1 at low
temperatures under the influence of pressure and for the first
time obtain the activation volumes for the individual reaction
steps. This has not been possible in other work on the
oxygenation of analogous dicopper(l) imine complexes where
we were only able to measure activation volumes over the sum
of all reaction step&41

Experimental Section

Materials and Methods. Reagents and solvents used were of
commercially available reagent quality. UWis spectra were measured
on a Hewlett-Packard 8452 A spectrophotométéNMR spectra were

H)(O,)]2* (2) could not be isolated, but its occurrence as an recorded on a Bruker DXP 300 AVANCE spectrometer. Elemental

intermediate during this reaction was proven spectroscopically

in a detailed stopped-flow kinetics study carried out in dichlo-
romethane as reaction solvéft® Using a ligand-complex
analogue [Ce(NO,-XYL-H)] 2+ (with nitro substituent para to

that position which is hydroxylated), we have shown that the

corresponding intermediate [@INO,-XYL-H)(02)]2 (Amax =
358, 435 nm) is long-lived at low temperatutésnd resonance
Raman spectroscopic studigmdicate that this intermediate is

analyses were carried out at the University of Erlaniyémberg. [Cy-
(XYL-H)](PFe). was synthesized according to the published proceidure.
High-Pressure Stopped-Flow MeasurementsReagent quality
acetone either was used directly or was dried over Drierite (Aldrich)
and immediately after distillation transferred into a glovebox (Braun,
Garching, Germany (dioxygen and water content less than 1 ppm)).
Solutions of complexes for the kinetics measurements were prepared
in the glovebox and transferred with gastight syringes to the stopped-
flow instrument. A dioxygen-saturated solution was prepared by

au-n%n?peroxo bridged dicopper(Il) species (Figure 1). Since bubbling dioxygen through acetone in a syringe (solubility of dioxygen

the appearance of the initial description of thgr€action ofl
as a copper monooxygenase model systethpther research

groups have generated and described analogous reaction sy

tems, employing xylyl analogue dicopper complex&s?
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in acetone at 25C = 0.0102 M)#? Dilution was accomplished by
mixing the solution with argon-saturated acetone. The effect of pressure
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described elsewhefé The high-pressure cell was modified by being
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Single wavelength absorbance time traces were measured under pseudo- Acetone has also been found to be a good solvent for the
first-order con_ditions, and data fitting was performed with the software study of reaction of @complexes with copper(l) complex#s30
KINFIT (On-line Instrument Systems, Bogart, GA) and Igor Pro  and in certain cases it stabilizes and favors the formation of
(WaveMetrics, Lake Oswego). dioxygen adducts in comparison to analogous reactions studied
Variable-Temperature Stopped-Flow Measurements Acetone o hionirile50 1-(PFRy), is very soluble in acetone; thus the
(Uvasol, Merck) was used without further purification. The following . . : e .
linear equation describing the solvent thermal expansion was used toS'tuatlo_n was amenable to hlgh-pressgre km?tlcfs stud_les. The
calculate the solution concentrations at various temperatyse(sy/ basic dinuclear structure and presencé iof solution is retalngd _
mL) = —1.1248x 10°°T (K) + 1.1218% here, but the presence of altered structures or conformations is
All kinetics experiments were carried out using a variable-temper- needed to fully explain the kinetic behavior in acetone, vide
ature stopped-flow unit (modified SFL-21, Hi-Tech-Scientific) com- infra. Via either synthetic (at low or moderate solution
bined with a photodiode-array spectrometer. Further details, also concentrations) or spectroscopic bVis observation, oxygen-

concerning preparation and handling of solutions, were as describedation of 1-(PFs), in acetone solvent does afford the same product
previously** Three series of experiments were performed with 0.753, a5 jn CHCI,, namely,3 (Figure 1).

0.315, and 0.119 mM complex concentrations (at room temperature) Complex [Cus(H-XYL-H)](PF ) (1-(PFs)s) in Acetone
2(H- - 6)2 (1- 2

between—90.2 and+23.7 °C. The initial oxygen concentration was o
5.106 mM for all three series. Copper(l) complexes often exhibit temperature-dependent dy-

A total of 151 individual runs were performed. Data collection times Namic behavior involving ligand switching or conformational
were varied between 0.7 and 913 s. All data were pretreated by factor changes?5t 55 Variable-temperaturéH NMR measurements
analysis, and individual rate constants were calculated by numerical of [Cuy(R-XYL-H)] 2" (e.g., R= MeO, t-Bu, H, NO,) complexes
integration of the appropriate rate laws using the self-developed Kinfit jn CD,Cl, solvent exhibit such behavior. The effects are
(Basic PDS) and Serkin (Matlab) programs. In most cases, the datar-dependent and affect the, @eaction kinetic? Variable-
could be described _by two relaxations, wh|<_:h were conve_rted into the temperature NMR spectra-@5 to —80 °C) of 1-(PFg)2 in
correct model containinky, k-1, andk, (see Figure 1). To this end the acetoneds (Figure S1J¢ indicate dynamic behavior, with

rate constank_; was manually changed so that the spectrum of the averaged spectra at room temperature but lowering of the
intermediate, which is only fully formed at low temperature, remained g P P 9

constant. We could successfully analyze 84 measurements in the rang&omplexls local sy_mmetry at reduced temperatures. The b_e'
—64 to —0.2 °C and use them for the final activation parameter havior, however, differs to some extent from that observed in

calculations. The set of data used for the final calculations included CD2Cl>.>” A detailed analysis has not been carried out, but we
neither the room temperature runs (very little adduct formation) nor suggest thatl may form dimer structures (either intra- or
those at very low temperatures where excessive photochemical interfer-intermolecular) in solution, especially as the temperature is

ence was observed.

Activation parameters fok;, k-1, and k, were obtained through
analysis either with the Microsoft Excel 97 linear regression tool or
with a nonlinear least-squares regression Matlab program.

Results and Discussion

Solvent Media for Reaction For technical reasons, the
simple extension of the previous detailed kinetic stdd¥in
dichloromethane solvent to conditions of high pressure proved
impossible. Methanol, a good solvent for high-pressure std@lies,
was also found not to be suitable for the present system.
Experiments in MeOH, carried out by mixing [Cu(@EN),]-

PFs with the ligand in situ, followed by oxygenation, were found
to be considerably complicated by the presence of even small
amounts of acetonitrile, with its known strong binding to, and
stabilization of, copper(l¢4’ The use of synthetically generated
[Cup(H-XYL-H)](PFe)2 (1-(PFs)2) (prepared free of MeCNj

lowered. We have recently observed dimerization occurring in
acetone solution for copper(l) complexes with tetradentate tris-
(2-pyridylmethyl)amine (TMPA) complexe$; and there are
now many other examples where copper(l) complexes in
conjunction with tridentate or tetradentate nitrogen donors adopt
dimer structures in solution or the solid state (confirmed by
X-ray diffraction), via mutual sharing of one donor (e.g., a
pyridine) of the polydentate ligand with the other copper ion

Centeﬁ1,55,5&61
'/©\\ —l 2+
PV
S

in MeOH solvent was thwarted by poor solubility; synthetically
changing the anion to perchlorate did not help. Propionitrile
was also considered as a solvent 180, reactivity studies,
because of its successful application in low-temperature oxy-
genation of copper(l) complexes of tris(2-pyridylmethyl)amine
(TMPA), its quinolyl analogues, and dinucleating analodtiés?°
However,1-(PFs), does not show intramolecular hydroxylation
in EtCN, precluding its use as a reaction medium for further
studies.
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(57) For [Cy(H-XYL-H)](PFg)2 in acetoneds, resonances assigned to
—CH,CH,— methylene protons between pyridyl rings and alkylamine
nitrogen are two broad but distinctive singlets at room temperature
(9, 3.1, 3.3 ppm) but broaden and then split into distinctive multiplets
(6, ~2.8—3.4 ppm) upon lowering the temperature; the xylyl benzylic
protons are a singlet which remains sharp, but shift ffbm 3.8 to
4.1 ppm (25 — —80 °C). For [Cp(H-XYL-H)](PFe)2 in CD.Cl»
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temperature is lowered; but unlike for acetagthe xylyl benzylic
proton resonance broadens significantly-&0 °C, as does also the
6-pyridyl proton resonance.
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Scheme 1

[Cu,(H-XYL-H)>* 1 [Cu (HXYL-H)?* &, 4

0, ki ” k.1, -On 0, | k4
[Cup(H-XYL-H)(Oo)?* 2 [Cup(H-XYL-H)(O,),** 5
ko

[Cu"5(H-XYL-O")(OH)]2* unhydroxylated product

3 ?
We suggest this possibility here, occurring possibly in an \ . . " .
intramolecular fashion (as shown) and/or via simitaiermo- 0.0038 0.0042 0.0046 0.0050 0.0054

lecular “bridging” of pyridyl donors.

Variable-Temperature Stopped-Flow Measurements in - 5 Eviing blots for fork. . k i K Bolt ant
Acetone.The data obtained in previous studie® performed igure 2. Eyring plots forforkyops K-1, andke: X, Sollzmann constant,
in CH,Cl, are explained with two exponentials with a simple n’]l\F/I)!a;f';ffgj::':gézg‘;ggrg)oo(':;ﬁ:mmé((flgé\llégmM' &) 0.315
model including a pseudo-first-order rate constanfirst order
in 1 and in Q (in large excess), followed by a fast irreversible
step, described by first-order rate constariteft part of Scheme
1). In the present study with acetone as solvent, the same

T (K-1)

can be seen from Figure 2. The temperature dependence is thus
described by the following relation:

reaction scheme was considered.
At low temperatures the formation of the intermediadtes N[(ky oo/ (KT = —AH/(RT) +
nearly complete, so that ; is irrelevant. The spectrum AS/R—In{1+ exp[(~AH/(RT)) + (AS/R)]}
shows typical absorption bands at 360 nm>( 14 000 M
cm 1) and at 440 nme(~ 4500 M1 cm™1), assigned to ligand- At the lowest temperatured, is formed almost exclusively

to-Cu(ll) charge-transfer absorptions, and there is an isosbesticand then its own reactivity becomes significantlas depleted.
point at about 420 nm. However, at higher temperatures, it was At those temperatures where the calculation gives a concentra-
necessary to considée; since the intermediat is only tion-dependenk; ops the fit of the first relaxation was in all
partially formed. Thus a first-order rate constint was refined cases improved by taking a kinetic model with an additional
for each individual run from-34 to—0.2°C until the calculated  third-order rate constaht; (second order in [CiH-XYL)] 2+
adduct spectrum goes through the isosbestic point found at low(k'; ~ 20 000 M2 s7%, atT = —82°C). Thus, the right part of
temperature. Scheme 1 describes this situation, the path in which two
Whereas the Eyring plots &, andk; are linear (Figure 2) molecules of4 react with Q to give the tetranuclear species
and allow the determination of the activation parametsis [Cup(H-XYL)(O2)]2*t (5).
andAS (Table 1), that ok, (Figure 2; referred to aky op9 is A final point in consideration of the stopped-flow variable-
peculiar. First, it is not linear with I/ and additionally, it is temperature study is the interference from the strong photo-
concentration dependent below28 °C. This behavior is chemistry (using the diode-array white light sourcel.dBelow
unexpected with regard to the measurements previously under—50 °C, a photochemical temperature-independent term be-
taken in CHCI,.*® To explain the first aspect we have to comes relevant when analyzing the behavior of the rate constant
postulate that in a fast pre-equilibrium an isomerization processk,. This behavior was also observed in dichloromethane as
of [Cux(H-XYL)] 2* takes place, to give [GH-XYL)] #*iso (4) solvent!® Thus, only the thermal reaction part from0.2 to
(Scheme 1). This latter species could well be the alternative —46 °C was considered for the determination of the activation
internally dimerized structure described above, then assumedparameters ok,, as indicated in Figure 2.
to have a subdued reactivity toward.’he constankK is the From the data summarized in Table 1, it can be seen that the
associated equilibrium constant, Scheme 1. Thus at moderatelykinetic and thermodynamic parameters for the reactidhvaith
low temperatures the observed rate conskagtsis given by dioxygen are comparable to those previously observed in
dichloromethané? As is generally seetf;*° a difference in
Ky ops= Ki/(1 + K) enthalpy is accompanied by a corresponding compensation in
entropy, leading to overall rather similar rate constants in the
which describes the situation whelleis the predominantly  temperature range studied. The formation of the intermediate
reacting species. Analysis of the data taken in the temperaturedioxygen complex2 (peroxo-dicopper(ll) species withu-1%
range—0.2 to—28 °C for the three concentrations and those of 7?2 structure¥® is reversible, and its spectroscopic observation
the series with the lowest concentration down-#4 °C gives at lower temperatures is aided by favorable relative rates of
the thermodynamic and activation parameters Koand k; formation of2 and its decomposition t8, e.g.,ki[O2] > ka. As
(Table 1). The quality of the fitting of data to these equations before, formation of2 (k;) occurs with very low activation
enthalpy but with a large negative activation entropy, the latter

(58) Karlin, K. D., and co-workers, unpublished results. being expected for Obinding without concomitant release of
(59) f;ége'"’ T.N.; Borovik, A. SJ. Am. Chem. S04.987, 109, 4255~ solvent from the metal center. The process described hyust
(60) Sorrell, T. N.; Pigge, F. C.; White, P. $1org. Chim. Actal993 be a composite rate constant since it is unlikely thatvOuld

210, 87-90. ) bind to both copper ions simultaneousiin fact, in a study of
(61) ?\geiii\‘%lv'lulrg‘gy' N.N.; TyeKig Z.; Karlin, K. D. Inorg. Chem1994 0, binding with a closely related ligand complex shown below,
(62) Jung, B.; Karlin, K. D.; Zuberlhler, A. D.J. Am. Chem. S04996 two O,-bound intermediates (one observed spectroscopically,

118 3763-3764. and a Cu-O,---Cu superoxo complex inferred) precede forma-
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Table 1. Thermodynamic and Activation Parameters for the Higher Temperature Part of the ReactiontlofO, in Acetone

T range, calcd constants high-pressure rate constants
°C [data points] (—20°C) AH, kd/mol AS J/(K mol) [pressure, MPa]€20°C) AV#, cn/mol
K,M~! —64.210—0.2 [69] 1.06x 10° —42.3+0.4 —176+ 2
ky, M™1s1  —64.2t0—0.2[69] 1.58x 10° 2.1+0.7 —174+ 3 1210+ 64 [20] -15+2.5
1570+ 118 [60]
2.53x 102 8.2+ 0.3 —146+ 12 2240+ 247 [100]
kois?t —34.31t0—0.2 [60] 1.50 80.3: 0.8 77+ 3 3.35+ 0.38 [20] +4.4+0.5
3.01+ 1.17 [60]
7.76 70+ 12 50+ 67 2.82+ 1.10 [100]
ko, st —46.21t0—0.2 [77] 2.57 58.2: 0.2 —5.8+0.9 3.34+ 0.15 [20] —4.1+0.7
3.66+ 0.70 [60]
3.7R 50+ 12 —35+ 22 3.88+ 0.24 [100]

aIn CH.CI; solvent, from ref 19.

tion of the u-nZn>peroxodicopper(ll) product [(N4)Gu 4 . ' —
(OZ)]2+_62
2+
Py \—(CHa~| By _
\ - ~./ -
cu ) (?u + O 3
\ o
PY PY Ca
[(N4)Cup1>*
PY __(cH PY 2+
-80°C %/( 02)4\/% 0 + } +— t +
— _Cu_/d_Cu_N] 0.000 0.002 0.004 0.006
CHCl:  ~py” Ney [0,] (mol)
[(N4)Cuz(0)P* Figure 3. Plot of the observed rate constant@ndz, vs the dioxygen

concentration at 600 MPa:@) 7; (M) 2.

As discussed, explanation of the kinetics of #©, reaction lies in the f hat the th « dk
in acetone requires postulating additional side reactions which €S in the fact, that the three rate constanisk-1, andk; are

become important at low temperature, Scheme 1. The kinetics €'Y Similar under the experimental conditions employed in the
data support the formation of the tetranuclear spegfesmed high-pressure part of this study. The favorable decomposition

from an isomer ofL, [Cup(H-XYL)] *is0 (4), the nature of which of. intermediate to give produc;B precludes conditions where

is discussed above. In fact, we previously also presumed the2 is fully f?"“ed? thus the maximum abs_or_bance for the peroxo
existence of such a speciésfor the reaction studies carried complex IS never re_ached. Therefore, it is not possible to use
out in dichloromethan& Therefore, for reactions at higher the usual simplifications for data treatment, such as an assump-
concentrations (especially under benchtop synthetic conditions,tion Of @ “fast pre-equilibrium” or “steady state” treatment.
i.e.,>~107% M), this tetranuclear species was suggested to lead Instead _'t IS nécessary to use _the exact results from solving the
to the observed minor product [H-XYL-H)(OH)] **, which appropriate differential equaﬂoﬁé.F_or a reversible pseudo-
possesses oxidized copper(ll), but in which the ligand is not first-order reaction with a consecutive irreversible reaction, eq

hydroxylated. Under still quite other reaction conditions (in I IS obtained.
dimethylformamide/water), the Kkinetics/spectroscopic study 1
implicated a tetranuclear hydroperoxo complex, which did lead 7,,= é{ (k[Og] + k3 + k) +
to H-XYL-H ligand hydroxylation*> We have not further

examined whether speciésin acetone leads t@ or some \/(kl[oz] + k., + kz)z — 4k1[oz]kz} (1)
unhydroxylated product, Scheme 1.
High-Pressure Studies. At room temperature it is not The dependence on the dioxygen concentration should lead

possible to observe the formation of a perexompper complex to a nonlinear dependenceqfandr,. That this is not the case
intermediate2. To study the pressure dependence of the (as can be seen in Figure 3) arises from the fact that the solubility
reversible formation o2, it was therefore necessary to perform of dioxygen in acetone is quite low and therefore the concentra-
the investigation at reduced temperatures. This was accom-tion range of dioxygen is not large enough to allow observation
plished by using a modified high-pressure stopped-flow instru- of the curvature; the high-concentration region whierek_4,
ment. Measurements were performed under pseudo-first-orderand k, separate cannot be reached. To obtain the three rate
conditions, and absorbance time traces were recorded at singleonstantk, k-1, andkz, they need to be extracted from eq 1.
wavelengths at-=20 °C and pressures up to 100 MPa. An
excellent fit to the sum of two exponential functions was (63) (The Obse)fve% inﬁefcfptzfinthe pdlotSf@'VS dioxygen COHC(entration

P - : Figure 3) and the plot ofi72 vs dioxygen concentration (Figure 5,
possible, giving the S?‘me two rate ConStantS _at different Supporting Information) are not in accord with egs 1 and 3. This arises
wavelengths. Data obtained at the absorption maximum for the from the presence of a very slow concurrent reaction which we could
intermediate?2 (360 nm) were used thereafter. In a plot of the not better characterize. Efforts to include this other reaction and
observed rate constantsandz, vs the dioxygen concentration mathematically eliminate the intercept did not lead to significant

2 ’ changes of the values for the activation volumes in the range of error.

a clear dependence of both rate constants was observed togethggs) Espenson, J. Hchemical Kinetics and Reaction Mechanisrasd
with an intercept, as shown in Figuré?3The reason for that ed.; McGraw-Hill: New York, 1995.
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The relationship between the sum and the product of the
measured rate constantsandzs,, the dioxygen concentration,
andk,, k-1, andk; is shown in egs 2 and 3.

1
ft =3 (0] +ic ) +

V0] +1C, + 1) — Ayl +
%{ (kO] + K, + k) —

\/(kl[oz] + kfl + k2)2 - 4k1[02] kz}
(O] t ko tk 2)

rr, = (610 + ki k) +
V0] +1C, + 1 — AefOllg}
%{ (KO, + K, + k) —

\/(kl[oz] + k—l + k2)2 - 4k1[02] kz}
= 2(k[0g] + K.y + K" -

Y VKI0d + K, + 107 — a0k, f
= 206[0;] + K 1 +1)° = 2(4[0] + K 3+ ky)? -
H(— k[0 1K)

= k[O,]k, ®3)

From the plot of the sum of; and 7> vs the dioxygen
concentration shown in Figure $2(eq 2), k; is obtained
immediately. Constark; is derived from the slope of the plot
of the productri7, vs [Oy] (eq 3) shown in Figure S¥ by
dividing it by k;.63 Finally, k_; is obtained from the intercept
of the sum plot and subtraction kf. In this way, the three rate

Becker et al.

Cu(l)2 complex + Oy

-15 cm3mol

transition state t +4.4 cm®/mol

Cus-peroxo
complex

partial molar volume (arbitrary scale)

Figure 4. Volume profile for the reversible reaction &f(PFs). with
dioxygen in acetone.

negative volumes of activatidi-® The back reactionk(;
Scheme 1) is accompanied by positive valuesA8F and AV#,

a consequence of a bond-breaking process. This is supported
by the high activation enthalpy which is on the order of a
copper-peroxo bond energy. Although, the actual reaction
pathway must be more complicated (including probably a
superoxe-Cu species, as mentioned above), the present study
is the first whereAV* for the forward and back reactions could
be measured for a process forming a dinuclear peradi@opper
species. This was not possible in earlier work where mechanisms
of reactions of dinuclear copper Schiff base complexes with
dioxygen were studied under the influence of presétfe.
There, no peroxo complexes could be detected spectroscopically
as intermediates and only AV* for the overall irreversible
reaction to the product could be obtained.

Thus, in the present case, a simplied volume profile can be
constructed, as shown in Figure 4. The profile is unsymmetrical,
and therefore a “late” (product-like) transition state is reached.
The formation of the peroxo complex is accompanied by an
overall volume collapse, a reaction volume 920 cn¥/mol,
and this value represents very well the bond formation of the
complex with the dioxygen molecule.

The final irreversible step to the hydroxylated prodsishows

constants were calculated for all measured pressures. Rategain a slightly positive value foAV* and a small negative
constants at various pressures are given in Table 1. A plot of value for AS' (Table 1). The small values combined with a

In(k;) vs pressure is shown in Figure $4and an activation
volume AVF = —15.0+ 2.5 cn¥/mol was calculated from the
slope. The activation volumes for the back-{) and the
consecutive reactiork{) were calculated in the same way, giving
AV# = +4.4 + 0.5 cn¥/mol andAV¥ = —4.1 4 0.7 cn¥/mol
(Table 1).

The strongly negativAS* and AV* values for the formation
of peroxo-copper intemediat2 support the concept of a highly
structured transition state. The negative volume of activation
can be thought of as a result of €@, bond formation that is
accompanied by electron transfer to prodBcehere the change
of formal oxidation state from copper(l) ihand reduction of
0, to O~ are expected to be accompanied by a significant
volume collapse, partly due to intrinsic and solvational volume
changes$* Similar effects have been described in situations of
formal electron transfer for binding of aliphatic radicals to
cobalt(ll) and chromium(ll) complexes (i.e.,'MR — M —
R™);6566 oxidative reactions in general exhibit significant

(65) van Eldik, R.; Gaede, W.; Cohen, H.; Meyerstein,lilorg. Chem.
1992 31, 3695-3696.

(66) van Eldik, R.; Cohen, H.; Meyerstein, Bngew. Chem., Int. Ed. Engl.
1991, 30, 1158-1160.

considerable activation enthalpy indicate that hydroxylation is
mainly governed by a bond-breaking process and little geo-
metrical rearrangement, as discussed e&?lmr explaining the
observed reactivity with ideal positioning (i.e., proximity) of
the peroxo group and xylyl substrate.

Taking into account that contributions of volume changes
mainly arise from bond formation between the complex and
O (as discussed above), it seems appropriate to comyédre
values obtained here with values obtained in studies on the
Schiff base dicopper complexes mentioned, even though the
latter pertain to the overall reaction. Thus, the activation volume
AVF = —15 + 2.5 cnd/mol for the formation of the peroxo
complex2 compares withAV¥ = —21 4+ 1 cn¥/mol for the
macrocyclic complex [Cimac)(CHCN),]?" (mac = a di-
nucleating Schiff base macrocylic liga®and AV = —9.5

(67) Dicker-Benfer, C.; van Eldik, R.; Canty, A. Qrganometallicsl994
13, 2412-2414.

(68) de Waal, D. J. A.; Gerger, T. I. A.; Louw, W. J.; van Eldik,IRorg.
Chem.1982 21, 2002-2006.

(69) Venter, J. A.; Leipoldt, J. G.; van Eldik, Rorg. Chem.1991 30,
2207-2209.

(70) Karlin, K. D.; Tyekla, Z.; Zuberbinler, A. D. In Bioinorganic
Catalysis Reedijk, J., Ed.; Marcel Dekker: New York, 1993; pp 261
315.
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+ 0.5 cn¥/mol for [Cuy(H-BPB-H)(CHCN)]2+ (H-BPB-H = temperatures and higher concentratighsgcomes significant,
1,3-bisN-(2-pyridylethyl)formimidoyl]lbenzenet Furthermore, resulting in a side reaction. More importantly, the high-pressure
a very comparable value &V = —12.8+ 0.9 cn?/mol was studies carried out here for the first time lead to activation
obtained for the formation of a peroxaliiron(lll) complex from volume information, not just for the overall reactitn—~ 3 but

the reaction of @ with a diiron(ll) complex; this was ac-  for the individual steps involved. The overa@lvV* observed is
companied by a very negative valueSf = —1214+ 3 J mol? similar to that observed in imine-ligand dicopper(l) reactions
K-171 with dioxygen, while the present study reveals that this value

Thus, it seems to be the general case that dinuclear copperis similar to the first step itself, indicating that contributions
() and probably iron(Il) complexes are accompanied by large from volume changes occur mainly from bond formation
negative values foAV* (andAS), interpreted as involving rate-  between precursor dicopper(l) complex and dioxygen. Thus,
determining @ binding (as superoxo or peroxo, for two metals) AV*(k;) = —15 4 2.5 cn¥/mol for formation of2 from 1. Along
and electron transfer, leading to a tightly bound, organized and with the large and negativeS'(k;) (=—174+ 3 J/K mol), these
contracted transition state. It is notable that, in the case of data show how rate-determining ®inding proceeds through
dinuclear dioxygen carrier proteins such as hemocyanin anda contracted, tightly bound transition state. The activation
hemerythrin (non-heme diiron), the volumes of activation are volume data provided here (i.e., the aggregated values associated
positive or close to zerd, thus contrasting significantly from  with kiko/k-1) can be compared and are similar to those observed
the negative values seen for copper and iron model compoundsfor other copper(l)/dioxygen reactions, and even to those for
A somewhat similar situation is observed for overall entropy diiron(ll) complex reactions with ©
changes for @binding to simple complexes versus metallo- These studies contribute to the body of mechanistic informa-
proteins. The expected signficant loss in translational entropy tion now available on reactions of reduced-metal ion reactions
of O, binding to metal ions is observed in model compounds, with dioxygen and further demonstrate the complementary
but small or even positiveAS’ values are observed for insights which can be obtained through variable-pressure kinetic
hemocyanin, for examplé€:*°In proteins, accompanying tertiary ~ studies.
structural conformational changes in the protein matrix are
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