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Abstract

Several copper compounds (CuCl, Cu@uSQ, Cu(NG;),, Cu(OAc), Cu(OCH),, and Cu(OCH)(CI)) have been used as catalysts for
the oxidation of 2-aminophenol with dioxygen at®Din DMF to 2-aminophenoxazine-3-one; a comparison of their activities was made
through kinetic measurements. Stronger coordinating dHagands (bpy, phen) accelerate the reaction rate remarkably and the amount of
ligand influences the molecularity of the CuCl-catalyzed reaction. The overall second order rate equation was found at CuCl to phen ratio of
1:0 (k2/60°C = 11.3+ 0.5 x 10 mol—21° s71), while the reaction is zero order with respect to 2-aminophenol concentration at a CuCl to phen
ratio of 1:2 ¢/60°C = 13.940.7 x 10-2 mol~2 I3 s71). The kinetics of the CuCl(phen)-catalyzed reaction measured’4t fsulted in a rate
equation with first order dependence on copper, dioxygen and 2-aminophenol. The rate constant, activation enthalpy, and entropy at 333.16 K
are as followskops = 2.42+ 0.22moF2dnf L, E, = 25+ 1kImol?, AH¥ = 224+ 1kImolt andAS¥ = —170+ 13Imolt K2, The
catalytic systems investigated can be viewed as functional models of the enzyme phenoxazinone synthase.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mophore in the final step in the biosynthesis of actinomycin
D (Scheme 1[15]. The reaction represents a six-electron

The importance of copper in biology has been increas- oxidative coupling and appears to take place stoichiometri-
ingly realized in recent years as a result of identification of cally in a series of three two-electron oxidation steps. Cy-
copper-containing active sites in numerous oxidase, oxyge-clization occurs with the concomitant reduction of molecu-
nase, and other metalloenzymes. Detailed structures and théar oxygen to water. The enzyme phenoxazinone synthase,
role of copper centers in these enzymes are not well defineda type 2 copper-containing oxidase (subunit molecular mass
at present and may differ from enzyme to enzyjbe5]. 88000, 3.7 Cu per subunifl6] is naturally found in the
Modeling studies on the activation of dioxygen and/or sub- bacteriumSreptomyces antibioticus and has been cloned
strates of these enzymes may contribute to our understandand over expressed & lividans [17].
ing of the mechanistic feature of these proce$6eS]. Actinomycin biosynthesis has generated interest in the

The naturally occurring antibiotic actinomycin [2,( conversion of 2-aminophenol to 2-aminét®henoxazine-
AMD) inhibits DNA-directed RNA synthesi$10,11] and 3-one catalyzed by transition-metal complexes, with a view
is used clinically to treat Wilm’s tumor, gestational chori- to the possible modeling of phenoxazinone synthase activity.
ocarcinoma, mixed metastatic embryonal carcinoma of the Recently, the oxidative coupling reaction of 2-aminophenol
testes, and other tumof$2-14] Phenoxazinone synthase to 2-aminophenoxazine-3-one with dioxygen in the pres-
catalyzes the oxidative coupling of two molecules of a ence of cobalt(ll) salt418], a cobalt(ll) phthalocyanine
substituted 2-aminophenol)(to the phenoxazinone chro- derivative[19], and some cobaloxime(ll) derivativE0,21]

has been reported in connection with the biosynthesis

mspondmg author. Tels 36-88-422-0224657: of acf[inomyci_ns: but t_he s_elegtivity of the_se reactions_ is
fax: +36-88-427-492. not high. Stoichiometric oxidation of 2-aminophenol with

E-mail address: speier@almos.vein.hu (G. Speier). K3Fe(CN} also affords 2-aminophenoxazine-3-one via

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.01.006
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o-benzoquinone imine as intermedig?]. Catalytic ox-
idation of 2-aminophenol with the complex [Co(salen)]
[Hosalen = N,N'-bis(salicylidene)ethane-1,2-diamine] as
catalyst in methanol at room temperature also provides
2-aminophenoxazine-3-one in almost quantitative yield
[23], although Benedini et al[24] reported the forma-
tion of 2,2-dihydroxyazobenzene in the above reaction
under rather drastic conditions. Only a limited number of
copper-containing systems (Cu, &4 CuO, CuCl, and
CuCb) are known in the literature as catalysts for the oxi-
dation of 2-aminophenol and the mechanism of this type of
oxidative coupling reaction of various aminophenols is still
obscured?25].

In order to gain more insight into the mechanism of these
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solid material, which was then filtered off and recrystal-
lized from benzene to give 2-aminophenoxazine-3-one as
red crystals (0.77 g, 73%), m.p. 250-2%2 This could eas-

ily be identified as the same product obtained upon oxida-
tion of 2-aminophenol by HgQqR7].

2.3. Kinetic experiments

Kinetic measurements were carried out at constant par-
tial pressure of dioxygen with vigorous stirring in a ther-
mostated reaction vessel equipped with a syringe inlet for
taking samples at regular time intervals. The samples taken
were chilled, stored at ice temperature and then subjected
to UV-Vis analysis. Dioxygen uptakes were also measured
in a constant pressure gas-volumetric apparatus. The vol-
ume of absorbed dioxygen was red periodically using a gas
burette. The solubility of dioxygen in DMF at 6C was
taken as 25 x 10~3M [28]. The validity of Dalton’s law
was assumed for the calculation of dioxygen concentration
at different partial pressurg29].

3. Results and discussion

reactions we initiated studies on copper-mediated oxygena-

tion of 2-aminophenol. In this paper we present our results
on the reaction of 2-aminophenol with molecular oxygen

catalyzed by various copper compounds under ambient con-
ditions together with kinetic and spectroscopic data on these

reactions, and propose a plausible mechanism for this phe
noxazinone synthase mimicking reaction.

2. Experimental
2.1. Materials and methods

2-Aminophenol (OAP), copper compounds,N,N’,N’-
tetramethylethylenediamine (tmeda), '2s®pyridine (bpy),
3,3-iminobisN,N-dimethyl-propylamine) (idpa), and 1,10-
phenanthroline (phen) were of highest purity grade from
Aldrich. Cu(OCH), and Cu(OCH)CI were prepared by lit-
erature methodg6]. DMF was purchased from Aldrich and

3.1. Copper-catalyzed oxygenation of 2-aminophenol

As a continuation of our studies on the oxidation of
substituted phenols we have used the copper compounds

CuCl, CuC}, CuSQ, Cu(NG3)2, Cu(OAc), Cu(OCH),,

and Cu(OCH)(CI) as catalysts, an,N,N’,N’-tetramethyl-
ethylenediamine, 2,ipyridine, 3,3-iminobis(N,N-dime-
thyl-propylamine), and 1,10-phenanthroline as ligands for
the oxidation of 2-aminophenol with an DMF at 60°C.

A comparison of their activities was made through kinetic
studies and determination of the yields of the reactions.
The results of these experiments obtained by using different
copper compounds and ligands are collectedlable 1

Table 1
Copper-catalyzed oxygenations of 2-aminophenol in DMF soltion

used as supplied. Gaseous dioxygen from Messergrieshein{!®:

was 99.6% and passed througs2 and Blaugel in order

to remove traces of water and other impurities. IR spec- 2

tra were recorded in either Nujol mull or KBr pellets on a

Specord IR-75 (Carl Zeiss) spectrometer. Electronic spectra g
were measured on a Shimadzu UV-160A spectrophotometer 6

using quartz cells.
2.2. Yynthesis of 2-aminophenoxazine-3-one (APX)

In a typical reaction 2-aminophenol (1.09g, 10 mmol),
CuCl (0.1g, 1 mmol) in DMF were stirred at 6@ under
dioxygen for 10 h. Diethyl ether was layered then on the
solution and left at-20°C for 2h to afford a red—brown

Experiment  Complex Ligands  Conversiohs Yields®
1 CuCl - 78 73
CusQ - 79 74
CuCb - 8 3
4 Cu(OChH)Cl - 73 65
Cu(NGs), - 91 84
Cu(OAc) - 82 72
7 Cu(OCH), - 64 53
8 CuCl tmeda 76 67
9 CuCl idpa a7 35
10 CuCl bpy 89 78
11 CuCl phen 93 81

2 [OAP]p = 2.50 x 1072 M, [Cu]p = 2.50 x 1073 M, [L]o = 2.50 x
10-3M, 40cn? DMF, 60°C.

b Conversions were calculated fromy-@Qptake.

¢ Isolated yield.



T. Horvéth et al./Journal of Molecular Catalysis A: Chemical 215 (2004) 9-15

40 T T T
35 A A A &
ve 4 O
oW Doﬂgog
@§§o oo

Dioxygen uptake (mL)

|
150

100
Time (min)

200

Fig. 1. Dioxygen uptakes as a function of time for the copper salt-catalyzed
oxidation of 2-aminophenol in DMFQ CuCl; [J CuSQ;; + CuCh; H
Cu(OCH)CI; A Cu(NGs)2; v Cu(OAck; <& Cu(OCH),; experiments
1-7, Table J).

The course of the reactions can be seeRim 1, in which

the dioxygen uptake is plotted as a function of time for the
oxidation of 2-aminophenol by dioxygen in DMF catalyzed
by various copper salts and complexes. The dioxygen up-
takes ended rather abruptly, the highest reaction rate of
dioxygen uptake was observed with Cu(®@ but high
activities were also found by the use of Cu(OCACuUSQ,
and CuCl, whereas the activity of CyQlvas rather poor.
By extending the scope of our research, we have explore
also how the addition oN-containing ligands influence
the activity and selectivity of the CuCl-catalyzed reaction
(Fig. 2. It can be seen that in the presence of-Bjpyridine

or 1,10-phenanthroline 2-aminophenol is converted to
2-aminophenoxazine-3-one in rather good yiel@sb{e ).

d
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Scheme 2.

HgO [26]. Efforts to characterize copper complexes formed
during the reaction failed and no other organic products
except APX was detected. It could also be established that
at the end of the run the number of moles of sed for
each mole of 2-aminophenoxazine-3-one produced is 1.5
indicating the validity of the overall stoichiometry of the
reaction as given ischeme 2

3.2. Kinetic measurements

The reactions between 2-aminophenol and dioxygen in
the presence of catalytic amounts of CuCl(phen) were per-
formed in DMF solution and examined in the temperature
range from 333.16 to 363.16 K with a ratio between ini-
tial concentrations of CuCl(phen) to 2-aminophenol in the
range 1:3—20. Experiments were also carried out at different
dioxygen concentrations. The experimental conditions and
kinetic data obtained are summarizedrable 2

A simple rate law for the catalytic reaction between
2-aminophenol and dioxygen catalyzed by CuCl(phen) is
given inEq. (1)

—d2[0AP]
dr -

d[APX]
dr

= k1[OAP]"[CuCl(phen]"[Oz]*
1)

In order to determine the rate dependence on the various

In every case, free 2-aminophenoxazine-3-one was identi-reactants, oxygenation runs were performed at different
fied as the sole reaction product in yields up to 80%. This substrate Table 2 experiments 1-6), catalyst concentra-
could easily be identified by comparison with the main tions (Table 2 experiments 7-11), and at different dioxygen
product obtained upon the oxidation of 2-aminophenol by pressures Table 2 experiments 2, 10-14). Assuming a
constant concentration of the catalyst during each reaction,
as well as a constant dioxygen pressure for the experiments
the pseudo-first-order rate laieq. (2) is obtained where

k' = k1 [CuCl(phen]"[02]1.

—d2[0AP]
dr

The time course of the reaction was determined by mea-
surement of the dioxygen uptakes. Plots of log[OAP] versus
time were linear in experiments 1-14, indicating that the re-
action is first order with respect to substrate concentration.
Columnsk’ andR in Table 2report slopes and the corre-

lation coefficients obtained by the least-squares method for
these linear regressions. A typical first-order plot is shown

50

— K'[OAP]" )

Dioxygen uptake (mL)

50

100 150 200

Time (min)

Fig. 2. Dioxygen uptakes as a function of time for the CuCl-catalyzed
oxidation of 2-aminophenol in the presence Mfligands in DMF O
tmeda; ] idpaH; + phen; B bpy; A no added ligand; experiments 1,
8-10, Table 1.

in Fig. 3 (Table 2 experiment 2).

The reaction was also simultaneously monitored by
UV-Vis spectroscopy, measuring the absorbance of the re-
action mixture at 433nm (log3.743) pmax Of a typical
band of 2-aminophenoxazine-3-on€&jd. 4).
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Table 2
Kinetic data for the CuCl(phen)-catalyzed oxidation of 2-aminophenol in DMF solution
Experiment Temperature 10° [Oy] 10% [Cu]? 10? [OAP]? 10° K R® (%) k (mol-212s71) 10° vg
no. (°C) (mol =1 (moll~1) (mol I~ (s (moll~1s™1
1 60 6.25 2.50 1.26 2.30 99.00 1.470.04 1.56
2 60 6.25 2.50 2.50 5.19 99.72 3.320.02 1.55
3 60 6.25 2.50 3.12 7.71 99.62 4.930.04 1.83
4 60 6.25 2.50 3.75 7.13 99.85 4.560.03 2.56
5 60 6.25 2.50 4.38 5.94 99.59 3.800.03 291
6 60 6.25 2.50 5.00 2.77 99.17 1.270.02 2.97
7 60 6.25 2.54 3.75 5.27 99.63 3.320.03
8 60 6.25 5.08 3.75 7.62 99.69 2.400.02
9 60 6.25 7.83 3.75 9.74 99.78 1.990.02
10 60 6.25 9.95 3.75 10.64 99.96 1.710.01
11 60 6.25 12.68 3.75 16.57 99.97 2.690.01
12 60 1.30 2.50 3.75 1.02 99.94 3.1#40.02
13 60 3.57 2.50 3.75 2.74 99.95 3.670.02
14 60 4.40 2.50 3.75 4.10 99.47 3.#30.03
242+ 0.2Z%
15 70 6.56 2.50 3.75 7.20 99.91 4.430.02
16 80 6.83 2.50 3.75 9.66 99.81 5.490.03
17 90 7.48 2.50 3.75 13.05 99.95 6.980.04
2 In 40 cn? DMF.
b Correlation coefficients of least-squares regressions.
¢ Mean value of the kinetic constank and its standard deviatioro(k;) were calculated ask; = (Zi wiki/Y; w,-) and ok) =

(Zi w; (ki — k)2 /(n — DY, w,-)l/z, wherew; = 1/Ui2.

0.024 1R
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0.016

[OAP] (M)
[dvolBo|

0.014
0.012

0.01

|
0 20 40 60 80 100 120 140 160
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Fig. 3. Time course (gas-volumetry) and Ilog[OAP] plot for the
CuCl(phen)-catalyzed oxidation of 2-aminophenol in DMF (experiment
2, Table 2.
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Fig. 4. Time course (UV-Vis) for the CuCl(phen)-catalyzed oxidation of
2-aminophenol in DMF (experiment dable 2.

From variations of the reaction rates, plots of ini-
tial —d[OAP)/dt (vo) versus initial OAP concentrations
([OAP]p)(Fig. 5 were also linear R = 98.46), reinforc-
ing that the reaction is indeed first order with respect to
2-aminophenol concentratiolgble 2 experiments 1-6).
This means that: = 1 in Eq. (1)

Kinetic measurements of the reaction rate with respect to
catalyst concentration ([CuCl(phen)Jjable 2 experiments
7-11) indicate a first order dependence. Plot& ofersus
[CuCl(phen)} for the above five experiments gave a straight
line with a correlation coefficient of 97.449%:i(. 6).

Experiments carried out at different dioxygen concentra-
tions (calculated from literature data assuming the validity

3.5

3

25

2

0

=
o

10% (Ms?)

|
0.01 0.02 0.03 0.04 0.05 0.06
[0AP]_ (M)

| |

Fig. 5. Plot of reaction rate vs. the initial 2-aminophenol concentrations
for the (CuCl(phen)-catalyzed oxidation of 2-aminophenol in DMF (ex-
periments 1-6Table 3.
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Fig. 6. Plot of reaction rate constari)(vs. the initial catalyst concen-
tration for the CuCl(phen)-catalyzed oxidation of 2-aminophenol in DMF
(experiments 7-11Table 2.

of Dalton’s law, the dissolved concentration op ®eing
6.25x 103 mol dm 2 at 60°C and 760 mmHg @pressure)
show that the reaction is first order with respect to dioxy-
gen concentrationT@ble 2 experiments 2, 12-14). Plot-
ting k' against [Q] for the above four experiments resulted
in a straight line with a correlation coefficient of 99.40%
(Fig. 7). According to the kinetic data obtained, the oxygena-
tion of 2-aminophenol with the catalyst CuCl(phen) obeys
an overall third-order rate equation with=n =g =1 in
Eqg. (1) from which a mean value of the kinetic constknof
2.42+0.22mol212s1 at 333.16 K was obtainedéble 2.
The activation parameters for the catalytic oxidation re-

13
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Fig. 8. Arrhenius plot for the CuCl(phen)-catalyzed oxidation of
2-aminophenol in DMF (experiments 2, 15-Table 2.

The influence of the amount of ligand phen on the
CuCl-catalyzed oxidation was also studied with CuCl:phen
ratios of 1:0-5. The time courses of the reactions can be
seen inFig. 9, which shows that the ligand has a marked
effect on the reaction rate and also on reaction mecha-
nism: an excess of 1,10-phenanthroline decreases the re-
action rate and the overall reaction order tdeg( 10.

In the case of CuCl:pher= 1:0 the reaction is second
order k> = 11.30 + 0.50 x 10?mol—313s~1) while in
the case of CuCl:pher= 1:2 the reaction is zero order
(ko = 13.90 4+ 0.70 x 10~2mol~11s1) with respect to
2-aminophenol concentration.

It can be seen that the ratio of CuCl to phen influences

action were determined from the temperature dependencethe partial reaction order with respect to OAP. Since the

of the kinetic constank;. The Arrhenius plot of loky ver-
sus 1T (Fig. 8 by using thek; values at 333.16, 343.16,
353.16, and 363.16 KTable 2 experiments 2, 15-17) was
linear with a correlation coefficient of 99.77%. From the

substrate is also a good ligand, by missing the ligand phen
more OAP is coordinated to the copper ion. This also has
some effect on the overall reaction rates as well as on the
rate constants as compiled Table 3

slope and the ordinate intercept of this line the parameters There are significant differences on the yields of the cop-

Ea=25+1kImof?, AHY = 224 1kImol andast =
—170+ 13JImot1 K1 were calculated.

10% (s7)

103[02] (M)

Fig. 7. Plot of reaction rate constarkt)(vs. the Q concentration for the
CuCl(phen)-catalyzed oxidation of 2-aminophenol in DMF (experiments
2, 12-14,Table 2.

per salt-catalyzed reactions of OAP. Cp@ the less ef-
ficient (3%) while Cu(NQ@)2 gave the best results (84%).
It is also striking that the CuCl-catalyzed reaction results
in 73% yield compared to that of the Cy&atalyzed one.

0.03 T T T T T
0.025 gy

0.02 R

[OAP] (M)

0.015

0.01

0.005
0

40
Time (min)

60 80 120

Fig. 9. Time courses for the CuCl(phgmatalyzed ¢ = 0, 1, 2, 5)
oxidation of 2-aminophenol in DMF (CuCl:phea 1:0 (1); 1:2 (2); 1:1
(3); 1:5 (4)) (experiments 2 iffable 2and 1-3 inTable 3.
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0.03 T T 250 chloride is very difficult which renders it less active, while
NOs3~ may dissociate more easily. So the necessary vacant

0025 200 coordination sites on copper my be reached by different eas-
iness. That can explain the differences in the reaction rates
as well.

The other factor which may be responsible for the differ-
ences in the yields is that in the case of Cu(ll) salts there
= are at least two species which can oxidize OAP. These are

the CuX species and the CufX type species which are
formed after the reduction of CiypXo the Cu(l) state by the
substrate and then due to the presence pI00(0,)X or
0.005 l : 0 CuXz may be formed. The formation of CugiX can also
0 %0 Time (minl)OO 150 be rate-determining as found in many cases in copper cat-
alyzed oxidation/oxygenation reactiof&l] or may have a
Fig. 10. Dependence of the reaction rate order on the CuCl to phen ratio different oxidation power as CwX Both factors may alter
in the CuCl(phen)-catalyzed 4 = 0, 2) oxidation of 2-aminophenol in the overall oxidation rates of OAP.
zr;eg%ﬁéshze;;lg%(o)’ [OAP] vs. time; 1:2 ©), 1/[0AP] vs. time) Based on kinetic data on the copper-catalyzed oxidation
' ' of 2-aminophenol to 2-aminophenoxazine-3-one the follow-
ing probable mechanisms as showrsitheme Zan be pro-
The explanation of these differences (all the salts included) posed. In the first case (a) we believe that CuCl (without any
may come from the results of Zaki et 480] who stud- ligand) forms CuCI(OAPR) in the presence of a large ex-
ied the kinetics of the Co(lll)-, Mn(lll)-, and Cu(ll)-oxalate  cess of 2-aminophenol in a pre-equilibrium process, which
complexes for the oxidation of OAR-phenylenediamine  reacts then with dioxygen in a slow rate-determining step
(OPDA), andp-phenylenediamine (PPDA). They found that (kz) to the superoxocopper(ll) complex B@AP),(0,)Cl.
the oxidation of OPDA and PPDA may follow a stepwise In the second case (b), where the CuCl to phen ratio is
inner-sphere mechanism. An outer-sphere mechanism wasl:1, there are two pre-equilibria namely the formation of
assumed for the oxidation of OAP with the metal oxalate CuCl(phen) and CuCl(phen)(OAP) complexes. We believe
complexes. At the first reactions the reaction rates show that the latter one reacts with dioxygen in a rate-determining
a slight inverse dependence on the oxalate ionOlz ] step k). In the third case (c), it is reasonable to assume
appears in the denominator. At the oxidation of OAP the that CuCl forms a CiCl(phen} complex in the presence
reaction rates were independent on the oxalate concentraof 1,10-phenanthrolin, which then reacts with dioxygen to
tion. These tris(oxalato)metal complexes are considered toform Cu' Cl(pheny(Oy) (ko) in a rate-determining step.
be kinetically inert and so inner-sphere of them are rather The fast consecutive reaction steps followed the formation
improbable. However, they undergo racemization, oxygen of the copper(ll) superoxide complexes are summarized in
exchange, and aquation under ambient conditions. This isEgs. (3)—(7) which describe first the formation of the key in-
consistent with discussions of coordination sphere modi- termediateo-benzoquinone monoimine (BQMI). Its further
fications, e.g. release of oxalate. In accordance with thatconversion into the product APX can be rationalized by the
we believe that the differences on the yields in the cop- reactions described if16]. We think that the superoxocop-
per salt-catalyzed oxidation of OAP may be explained with per(ll) derivatives, which are formed in the rate-determining
this type of argumentation. Probably, the differences in the steps, react with 2-aminophenol. This is followed then by
inner-sphere stability of the various copper salts makes al-an intra (a), (b) or intermolecular H-atom transfer (c) result-
teration of the coordination around the copper(ll) ion more ing in the 2-aminophenoxy radical (OAPiIn Eq. (3). After
or less difficult. In the case of Cugit seems to be rea- the fast disproportionation (Eq. (4)) the Q@H) complex
sonable to assume that the dissociation of the tightly boundformed reacts with OAPresulting in BQMI and water. The

0.015

0.01 #*

Table 3 (a) (b) (c)
The reaction rates and rate constants for the copper-catalyzed oxidation of
2-aminophenol by the use of CuGIL = phen;n =0, 1, 2) as catalysts cu'al phen cu'Cl(phen) phen cu'Cl(phen),
n L Reaction k2 mP OAP OAP ko |o,
rate (Ms'1) slow
0 phen 11.00< 10° (11.30+ 050)x 1°M~3st 2 CuU'CI(OAP), Cu'Cl(phen)(OAP) Cu'Cl(phen),(Oy)
1 phen  130x 10 332+ 0.02M2s7? 1 ko | ki | o
2  phen 2.20x 106 (13.90+ 0.70) x 102M~1s1 0 slow [~2 slow| ~2
2 [OAP]p = 2.50 x 1072M, [Cu]p = 2.50 x 1073 M, [O;] = 6.25 x Cu''CI(0AP),(0,) Cu"'Cl(phen)(OAP)(O,)

10-3M, 40cn? DMF, 60°C.
b Reaction order with respect to OAP. Scheme 3.
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disproportionation of OAP(Eq. (6)) serves also BQMI. The

overall reaction (Eq. (7)) requires several oxidative dehydro-

genation steps involving OAP,.Qand BQMI as reactants
on the way to APX.

o
Cu'(0,) + OAP f35L eyl H) + @[

. NH;
OAP

2Cu"(0oH) fastdisprop, - o6l oH) + 0,

o)
cu'(oH) +0AP 88, e 4 H0 4 Cﬁ

NH
BQMI

. fast
20AP" — BQMI + OAP

Hy
N NH
crtee. LT
0 OH o}

_ +
32 O,
Cycl
@Ni@NHz Oi @N\\CLNHZ
ot
o o -2H OH "0
-2e
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