JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

ELSEVIER Journal of Molecular Catalysis A: Chemical 159 (2000) 215224
www.elsevier.com/locate/ molcata

Kinetics and mechanism of the Cull) and Cul(ll)
flavonolate-catalyzed oxygenation of flavonol. Functional
guercetin 2,3-dioxygenase models

Eva Balogh-Hergovich?, Jozsef Kaizer 2°, Gabor Speier 2 *

& Research Group for Petrochemistry of the Hungarian Academy of Sciences, 8201 Veszprém, Hungary
b Department of Organic Chemistry, University of Veszprém, 8201 Veszprém, Hungary

Received 8 February 2000; accepted 30 March 2000

Abstract

The oxygenation of flavonol (flaH) using Cu'(fla), and Cu'(fla)(PPh,), catalysts results in oxidative cleavage of the
heterocyclic ring to give O-benzoylsdicylic acid (O-bsH) and CO as primary products. The oxygenolysis of flavonol
catalyzed by Cu''(fla), in DMF was followed by €lectronic spectroscopy and the rate law was found to be — d[flaH] /dt =
KopdflaHIICU" (fla),][O,]. The rate constant, activation energy, activation enthalpy and entropy at 393 K are as follows:
Kope/S™t mol =2 dm™®=(2.02 + 0.07) X 10%, E,/kJ mol"*=142+6, AH*/kJ mol"1=139+ 5, and AS"/J mol~?

= 168 + 13. The results of the kinetic measurements of the Cu'(fla)(PPh,),-catalyzed oxygenation shows that in the
presence of alarge excess of the substrate, the Cu'(fla)(PPh,),, reacts with flavonol in an irreversible step to Cu''(fla),, and,
then, the mechanism of the oxygenation is the same as that with the Cu''(fla) ,-catalyzed reaction. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction sides (2) as a result of the oxidative cleavage of
the heterocyclic ring (Eq. (1)) [6-10].
Biological oxygenations catalyzed by oxyge-
nases are very important processes in nature for O R
the metabolism of various organic substances. R O O Y@
Oxygenases are metal-containing proteins and a OH
fair number of them utilizes copper at their R O
active sites [1-5]. One of these metalloenzymes 1 an: 3“ 2
is the copper-containing quercetin  2,3-di-
oxygenase, which catalyzes the oxygenolysis of (1)
3-hydroxyflavones (1) to the corresponding dep-
Quercetin (1a) was assumed to coordinate to
copper(l1) as a chelating ligand at the 3-hydroxy
* Corresponding author. and 4-carbonyl groups [11-13]. Since oxidation
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reactions in biological systems, as well asin the
industry, play an important role, the understand-
ing of the nature of these reactionsis of primary
interest.

Few model reactions on the oxygenation of
flavonol (1b, flaH) and quercetin (1a) have
been carried out with the aim to shed light on
this curious reaction leading to oxidative ring
cleavage of the pyranone ring with concomitant
extrusion of carbon monoxide. Base-catalysed
oxygenation of quercetin (1a) and flavonol (1b)
under aqueous [14] and non-aqueous conditions
[15,16], photosensitized oxygenations [17], and
reactions with superoxide anion [18], have been
studied. Cobalt [19-21] and copper [22—24]
complexes were applied as suitable catalysts for
the oxygenation reaction. Copper(l) [25] and
copper(I1) [26] flavonolate complexes were also
found to catalyze the reaction.

As a continuation of our studies on the prepa-
ration, characterization and oxygenation of cop-
per flavonolate complexes [27—-32], we tried to
study their catalytic activity at the oxygenation
of flavonol. This paper deals with the kinetics
of the oxygenation of flavonol (1b) catalyzed by
Cu(fla), and Cu(fla)(PPh,),.

2. Experimental
2.1. Instrumentation

Electronic spectra were measured on a Shi-
madzu UV-160A spectrophotometer using
quartz cells. GC analyses were performed on
HP 5830A and HP 5890 gas chromatographs
equipped with a flame ionization detector (CP
SIL 8CB column), and a thermal conductivity
detector (molecular sieve 5A column). GC-MS
measurements were recorded on HP 5890I1 /
5971 GC/MSD at 75 eV.

2.2. Materials and methods

Solvents (diethyl ether and DMF) were pur-
chased from Aldrich in analytically pure qual-

ity. Diethyl ether was distilled from K-Na
amalgam under Ar atmosphere. DMF was puri-
fied by azeotropic distillation with benzene and
water and stored under argon in the dark to
avoid direct light. Flavonol [14], Cu'(fla), [31]
and Cu'(fla)(PPh,), [32] were prepared by liter-
ature methods. Diazomethane [33] was freshly
prepared according to the literature in ether and
immediately used for the methylation reactions.
Gaseous oxygen from Messergriesheim was
99.6% and passed through P,O5 and Blaugel in
order to remove traces of water and other impu-
rities.

2.3. Catalytic oxygenation of flavonol catalyzed
by Cu''(fla),

A total of 0.119 g (0.5 mmol) flavonol and
0.054 g (0.1 mmol) Cu"(fla), were dissolved
and dtirred at 80°C in 20 cm® DMF for 10 h
under dioxygen atmosphere. The formation of
O-benzoylsdlicylic acid from flavonol requires
dioxygen, but no apparent oxygen uptake was
observed, because the absorption of oxygen and
the liberation of carbon monoxide compensate
each other. The GC analysis of the gas phase
showed 0.37 mmol CO (73% conversion). Ap-
proximately 0.37 mmol of dioxygen has been
consumed and as much carbon monoxide has
been evolved during the reaction. A 2-cm® di-
azomethane solution (in diethyl ether) was added
to 1 cm?® of the reaction mixture at room tem-
perature and the conversion of the flavonol
(78%) and the yields of the products N,N-di-
methylbenzamide (8%), benzoic acid (14%),
salicylic acid (23%) and O-benzoylsalicylic acid
(55%) were determined by GC.

2.4. Catalytic oxygenation of flavonol catalyzed
by Cu'(fla)(PPh,),

A total of 0.119 g (0.5 mmol) flavonol and
0.083 g (0.1 mmol) Cu'(fla)(PPh,), was dis-
solved and stirred at 80°C in 20 cm® DMF for
10 h under dioxygen atmosphere. The GC anal-
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Table 1

Kinetic data for the Cu' (fla),-catalyzed oxygenation of flaH in DMF solution

Experiment  Temperature  10°[0,] 10%[Cup? 104flaHP? 10k R® 107 3K s 107d[flaH] /dt
no. (°C) (moldm=%) (moldm=% (moldm=3% (s°Y) (%) (s"'mol=2dm=% (mol dm~3s7 1)
1 120 6.07 0.997 1.64 5.83 97.63 0.96 + 0.09 0.957
2 120 6.07 0.997 5.00 13.71 99.66 2.27 + 0.06 6.856
3 120 6.07 0.997 6.81 12.24 99.13 2.02 +0.08 8.335
4 120 6.07 0.997 9.50 13.47 99.08 2.23 + 0.09 12.80
5 120 6.07 0.997 12.00 14.17 99.50 2.34+ 0.07 17.01
6 120 6.07 0.230 6.81 2.72 99.87 1.95 + 0.05
7 120 6.07 0.593 6.81 7.55 98.90 210+ 0.11
8 120 6.07 1.424 6.81 16.52 99.12 1.91 4+ 0.08
9 120 1.21 0.997 6.81 2.49 99.67 2.06 + 0.05
10 120 7.63 0.997 6.81 13.74 99.30 1.81 4+ 0.08
11 120 8.28 0.997 6.81 16.61 99.74 2.01+ 0.05
12 120 10.13 0.997 6.81 20.68 99.99 2.05+ 0.03
2.02 + 0.07¢
13 90 7.84 1.191 6.81 0502 99.92 0.054 + 0.001
14 100 7.70 1.187 6.81 1.99 99.45 0.220 + 0.008

%In 50 cm® DMF.
®Correlation coefficients of |east-squares regressions.

“Mean value of the kinetic constant k and its standard derivation o (k) were calculated as k = (Z;w.k;/Z;w) and o (k) = (Z;wi(k; —

K)2/(n— DL,w)Y2, where w, = 1/0:2.

ysis of the gas phase showed 0.33 mmol CO
(65% conversion). A 2-cm® diazomethane solu-
tion (in diethyl ether) was added to 1 cm?® of the
reaction mixture at room temperature and the
conversion of the flavonol (68%) and the yields
of the products N, N-dimethylbenzamide (24%),
benzoic acid (20%), salicylic acid (40%) and

O-benzoylsalicylic acid (16%) were determined
by GC.

2.5. Kinetic measurements

Reactions of flavonol with O, catalyzed by
Cu'(fla), and (Cu'(fla)(PPh;),) were per-

Table 2

Kinetic data for the Cu'(fla)(PPh,),-catalyzed oxygenation of flaH in DMF solution

Experiment Temperature 10%[0,] 10%[Cu? 10%[flaH]? 105K’ RP 10" 2Kgps

no. (°C) (mol dm=3) (mol dm~3) (mol dm™3) s (%) (st*mol=2dm~©)
1 135 5.88 0.50 124 3.025 99.86 1.03 + 0.02
2 135 5.88 0.98 124 5.556 99.76 0.96 + 0.03
3 135 5.88 1.96 124 6.759 99.67 0.59 + 0.02
4 135 5.88 3.00 124 10.35 99.08 0.59 + 0.04
5 135 5.88 3.92 124 13.91 99.55 0.60 + 0.02
6 135 1.18 1.96 124 3.119 99.87 1.35+ 0.03
7 135 7.01 1.96 124 9.604 99.66 0.74 + 0.02
8 135 13.98 1.96 124 20.19 99.42 0.70 + 0.03

0.80 4 0.09°

9 140 4.35 1.96 124 12.32 99.42 1.69 £+ 0.07

10 145 225 1.96 124 14.38 99.82 2.80 £ 0.07

%In 50 cm® DMF.
PCorrelation coefficients of least-squares regressions.

“Mean value of the kinetic constant k and its standard derivation o (k) were calculated as k= (X;w k;/Z;w) and o (k) = (X;w;(k; —

K)2/(n— DX;w)Y2, where w, = 1/ ;2.
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formed in DMF solutions. In a typical experi-
ment, flavonol and Cu'(fla),, (Cu'(fla)(PPh,).,)
were dissolved under argon atmosphere in a
thermostated reaction vessel with an inlet for
taking samples with a syringe, and connected to
mercury manometer to regulate constant pres-
sure. The solution was then heated to the appro-
priate temperature. A sample was then taken by
syringe, and theinitial concentration of flavonol,
Cu'(fla), or Cu'(fla)(PPh,), were determined
by UV-Vis spectroscopy measuring the ab-
sorbance of the reaction mixture at 342.5 nm
(log £=4.24) [A,, of a typicd band of
flavonol] and 433 and 430.5 nm (log & = 4.45,
log £=389 [A,, Of a typical band of
Cu'(fla), and Cu'(fla)(PPh,),]. The argon was
then replaced by dioxygen, and the consumption
of flavonol was analyzed periodicaly (ca. every
10 min). The products did not show absorption
in this region. The rate of oxygenation was
independent of the stirring rate, excluding even-
tual diffusion control effects. Experimental con-
ditions are summarized in Tables 1 and 2. The
temperature was determined with an accuracy of
+0.5°C; the pressure of dioxygen was deter-
mined with an accuracy of +0.5%. The O,
concentration was calculated from literature data
[34] taking into account the partial pressure of
DMF [35] and assuming the validity of Dalton’s
law.

3. Reaults and discussion

Since it has been assumed for the enzymatic
reaction of quercetin 2,3-dioxygenase that
quercetin binds to copper(ll) through its 3-hy-
droxy and 4-keto groups, and structural model
studies with simple copper compounds and
flavonol evidenced this type of coordination, we
attempted as a key model reaction the oxygena
tion of flavonol by the copper flavonolate
complexes Cu''(fla), and Cu'(fla)(PPh,),. The
oxygenation did not proceed fast enough in
acetonitrile at room temperature. In DMF, how-
ever, at elevated temperature, the reaction pro-

gressed well, and the disappearance of the
flavonol and the concentration of the catalysts
could be monitored conveniently by electronic
spectroscopy. We found that the oxygenation of
flavonol using Cu'(fla), and Cu'(fla)(PPh,),
catalysts results in oxidative cleavage of the
heterocyclic ring to give O-benzoylsalicylic acid
(O-bsH) and CO as primary products. Sec-
ondary products derived from O-benzoylsali-
cylic acid such as sdlicylic acid, benzoic acid
and N, N-dimethylbenzamide due to hydrolysis
and amidation of benzoic acid by DMF were
also formed. The oxidation is selective, no other
products were obtained. Different products were
obtained in the oxidation of flavonol catalyzed
by CuCl and CuCl, [23,24].

3.1. Oxygenation of flavonol catalyzed by
cu''(fla),

The reactions between flavonol and O, in the
presence of catalytic amounts of Cu''(fla), were
performed in DMF solutions and examined in
the temperature range from 90°C to 120°C with
a ratio between initial concentrations of
Cu''(fla), and flavonol from 1:2 to 1:30. Exper-
iments were also carried out at different dioxy-
gen concentrations. Experimental conditions are
summarized in Table 1.

Cu'(fla), exhibits absorption at 433 nm [31].
Flavonol shows an absorption band at 342.5 nm
[36,37]. Spectral changes accompanying addi-
tion of dioxygen to the DMF solution show that
the absorption peak at 342.5 nm decrease, while
that at 433 nm increase with time. Plots of the
time dependence of the absorption of Cu''(fla),
and flavonol (Fig. 1; Table 1, experiment 9)
show two segments, indicating that there are at
least two processes occurring consecutively. The
initial gradient (part a) hints to a slower process,
while the second one (part b) may be considered
as the actual oxygenation process of the coordi-
nated flavonolate ligand. The first one is be-
lieved to correspond to a slow conversion of the
complex to another one, which then reacts with
dioxygen to the end-product.
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Absorbance

Time (min)

Fig. 1. Spectra changes accompanying the oxygenation of flaH at
342.5 (flaH) (O) and 433 nm (Cu''(fla),) (<) during experiment
9in Table 1.

A simple rate law for the catalytic reaction
between O, and flavonol catalyzed by Cu''(fla),
is given in Eqg. (2).

d[O — bs] /dt
= —d[flaH] /dt
= k[cu' (fla),] "[flaH] "[O,] 2)

In order to determine the rate dependence on
the various reactants, oxygenation runs were
performed at different substrate (Table 1, exper-
iments 1-5), catalyst (Table 1, experiments 3,
6-8) and oxygen concentrations (Table 1, ex-
periments 3, 9-12) under pseudo-first-order
conditions. Eqg. (2) can then have a simpler
feature as written in Eq. (3), k' being the
pseudo-first-order rate constant (Eq. (4)).

d[O — bs] /dt = —d[flaH] /dt = K'[flaH]" (3)
K = Kops|CU" (fla),] "[O,]* (4)

From the time dependence of the change of
concentration of [flaH] during the oxygenation,
the plots of log[flaH] vs. time were linear in
experiments 1-5, indicating that the reaction is
first-order with respect to substrate concentra-
tion. Columns k' and R in Table 1 report slopes
and the correlation coefficients obtained by
least-squares method for these linear regres-
sions. A typica first-order plot is shown in

{32
o {33
€
p g
g 1384 &
= g
I I
2 {35 =
-
[~]
-
136
37

20 0 40 S 60 70 8 9 100
Time (min)
Fig. 2. The time course for the oxygenation of flaH (O) and plot

of log[flaH] (<) vs. time for the oxygenation of flaH (experiment
9, Table 1).

Fig. 2 for experiment 9. From variations of the
reactions rates, plots of —d[flaH]/dt vs. [flaH],
(Fig. 3) were dso linear (R = 99.56%) in exper-
iments 1-5, reinforcing that the reaction is in-
deed first-order with respect to substrate con-
centration.

Kinetic measurements of the rate with respect
to catalyst concentration (Table 1, experiments
3, 6-8) indicate a first-order dependence. A plot
of k' vs. [Cu"(fla),], for the above four experi-
ments gave a straight line with a correlation
coefficient of 99.86% (Fig. 4).

Experiments made at different dioxygen con-
centrations (calculated from literature data as-

-
(3]

10’d[flaH}/dt (mol dm™*s™)
3

0 2 4 6 8 10 12 W
10*[flaH], (mol dm®)

Fig. 3. Plot of oxygenation rate of flaH vs. the initial flaH
concentration (experiments 1-5, Table 1).
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m T T

10

10%k' ()

0 05 1 15
10[Cu'(fla), ] (mol dm’®)
Fig. 4. Plot of pseudo-first-order reaction rate constant (k') vs. the

initiad Cu'(fla), concentration for the oxygenation of flavonol
(experiments 3, 6-8, Table 1).

suming the validity of Dalton’s law, the dis-
solved concentration of O, being 6.07 x 10~ 3
mol dm~2 at 120°C and 760 mm Hg O, pres-
sure) show that the dioxygen concentration af-
fects the rate of the reactions (experiments 3,
9-12: columns k' and R in Table 1) and that
the reaction is first-order with respect to dioxy-
gen concentration. A plot of k' vs. [O,] for the
above five experiments gave a straight line with
a correlation coefficient of 99.64% (Fig. 5).

According to the kinetic data obtained, the
oxygenation of flaH obeys an overall third-order
rate equation with m=n=q=1 in Eq. (2),
from which a mean value of the kinetic constant
Ko Of (2.02+ 0.07) X 10% s™* mol =2 dm™° at
393 K was obtained (Table 1).

The activation parameters for the oxygena
tion reaction were determined from the tempera-
ture dependence of the kinetic constant k..
The Arrhenius plot of log(ky) vs. 1/T (Fig.
6), by using the k. values at 363, 373 and 393
K (experiments 3, 13-14 in Table 1), was linear
with a correlation coefficient of 99.91%. The
slope and the ordinate intercept of this line gave
E,=142+6 kJ mol~! AH¥=139+5 kJ
mol ! and AS* =168+ 13 Jmol "1 K1,

On the basis of the experimenta data, the
following mechanism for the catalytic oxygena-

25 T T T T T
m.— -
-~ 1B} .
e 0
Xx
<
e 1| T
5- -4
0(1 L 1 1 I Il
0 2 4 6 8 10 12

10°[0,] (mol dm*)

Fig. 5. Plot of pseudo-first-order reaction rate constant (k') vs. the
O, concentration for the oxygenation of flavonol (experiments 3,
9-12, Table 1).

tion of flavonol can be proposed (Scheme 1).
Oxygenation of Cu'(fla), in DMF solution at
ambient and somewhat elevated temperatures
gives Cu"(O-bs), and carbon monoxide and the
reaction showed simple overall second-order rate
expression [31]. We believe that in the presence
of alarge excess of flavonol, the first step is the
formation of the addition complex H[Cu'-
(fla);] (3) in a equilibrium process (K ). There-
after the complex H[Cu"(fla),] (3) undergoes in
a fast preequilibrium an intramolecular electron
transfer from the ligand fla~ to Cu" resulting
in the copper(l) flavonoxyl radica complex

15 . A ) ) .
25 255 26 265 27 275 28
1T (10°K)

Fig. 6. Arrhenius plot of rate constant, k', for the oxygenation of

flaH.
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[cu'fia)s]

flaH
O-bsH K" 2

H[Cu'(O2)(fla)s]

HCu'(fla)a] - H[Cu'(fla)(fla)] K: or
flaH 2 HICu(fla)a(flaO2)]

H[Cu'(fla)o(O-bs)]

o P S
]
/
O~Cu'lfia)y O~c{lifa),
5
6
Scheme 1.

H[Cu'(fla)(fla")] (4) as shown in Eq. (5). This

equilibrium
oS | v, [ o
@ ] o =0 T

O~

|
cu'(fla) O~ cu'(fla),
4

(5

is also largely shifted to the left (K, is rather
small). The flavonoxyl radical is not persistent
under the conditions as have been found at the
oxygenation of Kfla [16], and there was no
evidence for the formation of the dehydro dimer
of flavonol, which may be the result of the
radical coupling of fla ligands. In the copper(l)
flavonoxyl radical complex (4), there are two
redox-active centers, the radical ligand fla® and
the copper(l) ion. The biradical dioxygen may
react at both sites, in an oxidative addition to
copper(l) giving a superoxocopper(ll) com-
plex H[CU"(O,)(fla),], or in a radical—radi-
cal reaction with the flavonoxyl ligand leading
to H[CU'(fla)(fla0,)]. We believe the latter
to be the rate-determining step since in
H[Cu'(fla) (fla")], the copper(l) is coordinatedly
saturated by the fla~ and fla® ligands, and the
fla’ligand is more easily accessible by O,. The
peroxyl radical and the copper(l) center cycles
in a fast reaction to the trioxametallocycle (5),
which facilitates a nucleophilic attack of the

bound peroxide on the 4C=0O group to yield the
endoperoxide (6). Then, the endoperoxide de-
composes in a fast step to the O-benzoylsali-
cylato copper complex and carbon monoxide.
Then, flavonol replaces the O-benzoylsalicylato
ligand again in a fast reaction and so closes the
catalytic cycle. The activation parameters of the
oxygenation reaction based on an observed reac-
tion constant k., should be considered with
caution, since they contain the preequilibrium
constants K, and K, together with the k,
value, assumed as the rate-determining step.

3.2. Oxygenation of flavonol catalyzed by
Cu'(fla)(PPhs,),

The reactions between flavonol and O, in the
presence of catalytic amounts of Cu'(fla)(PPh,),
were performed in DMF solutions and exam-
ined in the temperature range from 135°C to
145°C with a ratio between initial concentra-
tions of Cu'(fla)((PPh,), and flavonol from 1:3
to 1.25. Experiments were also carried out at
different dioxygen concentrations. Experimental
conditions are summarized in Table 2.

The complex Cu'(fla)(PPh,), exhibits ab-
sorption at 430.5 nm [32], and flavonol shows
an absorption band at 342.5 nm in the UV-Vis
spectrum. Spectral changes accompanying addi-
tion of dioxygen to the DMF solution show that
the absorption peak at 342.5 nm decreases, while
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25 T T T T

2- .

15} .
a b c

Absorbance

0 100 200 300 400
Time (min)

Fig. 7. Spectral changes accompanying the oxygenation of flaH at
3425 (flaH) (0) and 4305 nm (Cu'(fla)(PPh,),) (&) during
experiment 5 in Table 2.

that at 430.5 nm increases with time. Plotting
the time dependence of the absorption of
Cu'(fla)(PPh,), and flavonol (experiment 5 in
Table 2) shows three segments (Fig. 7), indicat-
ing that there are at least three processes occur-
ring consecutively. The initial two gradients
hint to slower processes, while the third one
may be considered as the actual oxygenation
process of the coordinated flavonolate ligand.
The first and second one (parts a and b) is
believed to correspond to a slow conversion of
the complex to another one, which then reacts
with dioxygen to the end-product (part c).

10*[flaH] (mol dm™®)
[Hey] Boy

(1Y ) T S S S S T— N P
300 320 340 360 380 400 420

Time (min)

Fig. 8. The time course for the oxygenation of flaH (O) and plot
of log[flaH] (<) vs. time for the oxygenation of flaH (experiment
5, Table 2).

15 T T T T

OC i Il 1 1
0 1 2 3 4

10‘[Cu'(ﬂa)(PPh3)2]° (mol dm™®)

Fig. 9. Plot of pseudo-first-order reaction rate constant (k') vs. the
initial  Cu'(fla)(PPh;), concentration for the oxygenation of
flavonol (experiments 1-5, Table 2).

In the presence of an excess in flavonol and
constant dioxygen pressure, the decrease of the
flavonol concentration (part ¢) takes the course
as shown in Fig. 8. Plotting the logarithm of the
flavonol concentration against the time, a
straight line was obtained, indicating that the
rate of the reaction is first-order with respect to
the substrate. The rate of oxygenation of flavonol
at different catalyst concentrations (experiments
1-5; columns k' and R in Table 2) and at
various dioxygen pressures (assuming the valid-
ity of Dalton’s law) (experiments 5-8; columns

m - -

51 1
®
X

10} 1
]

o
5 - -4
o)
0(1 I 4
0 5 10 15

103[021 (mol dm™®)

Fig. 10. Plot of pseudo-first-order reaction rate constant (k') vs.
the O, concentration for the oxygenation of flavonol (experiments
5-8, Table 2).
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24| .

23} _
x 22 Q h
£ 21} 1

2|

19 -

18 et

238 239 24 241 242 243 244 245 246

1/T(10°K)

Fig. 11. Arrhenius plot of rate constant, k', for the oxygenation of
flaH.

k and R in Table 2) was also determined.
Plotting the pseudo-first-order reaction rate con-
stant of the oxygenation vs. the catalyst concen-
tration, a straight line (R= 98.55%) was ob-
tained (Fig. 9), and, similarly, by plotting the
pseudo-first-order reaction rate constant against
[O,] again, a straight line (R=99.02%) was
established (Fig. 10), indicating that the reaction
order with respect to the catalyst and dioxygen
is one. The rate expression therefore has the
form (Eq. (6)):

d[O-bs] /dt
— —d[flaH] /dt
= kobs[cul (ﬂa)(PPh3)2] [flaH] [O,] (6)

The value of k. is calculated as (0.80 + 0.09)
X 102 s~ mol 2 dm~© at 408 K. The activa-
tion parameters for the oxygenation reaction
were determined from the temperature depen-
dence of the kinetic constant k... The Arrhe-
nius plot of log(k,,) vs. 1/T by using the K
vaues at 408, 413 and 418 K (experiments
1-10 in Table 2; Fig. 11) is linear with a
correlation coefficient of 99.44%. The slope and
the ordinate intercept of this line gives E, =
178+ 7 kI mol Y, AH*=175+6 kJ mol !
and AS*=211+15Jmol "t K™%

From the experimental data, a mechanism for
the catalytic oxygenation of flavonol can be

proposed. Oxygenation of Cu'(fla)(PPh,), in
DMF solution at ambient conditions gives
Cu'(O-bs)PPh,), and carbon monoxide, where
the reaction showed a simple overal second-
order rate expression [32]. It is interesting to
note that copper(1) is not oxidized to copper(ll)
even under more severe conditions. We believe
that in the presence of a large excess of the
substrate complex Cu'(fla)PPh,), reacts with
flavonol in an irreversible step to Cu''(fla),, as
indicated in Eq. (7) (sections aand b in Fig. 8)
and then the oxygenation of flavonol proceeds
in the same way as with the Cu''(fla) ,-catalyzed
reaction. When we added triphenylphosphine to
the reaction mixture at the oxygenation of
flavonol catalyzed by Cu'(fla),, also lower reac-
tion rates were obtained.

2Cu'(fla)(PPh,), + 2flaH + 2.50,
= 2Cu'"(fla), + 40 = PPh,+ H,,0 (7)

The somewhat lower reaction rate of the
Cu'(fla)PPh ) -catalyzed oxygenation of
flavonol and the differences on the activation
parameters can be explained by the stabilizing
and retarding effect of triphenylphosphine in
one of the steps before or in the rate-determin-

ing step.
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