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Abstract

We report the kinetics of cyclohexane oxidation with iodosylbenzene, catalyzed by two supramolecular manganese(lll) porphyrin isome
containing four [Ru(bpyjCl]™ complexes attached to the pyridyl groupsnudso-tetra(3-pyridyl)porphynatemanganese(lll) meso-tetra(4-
pyridyl)porphynatemanganese(lll) centers. An unusual pseudozero-order mechanism was observed by monitoring the formation of the cy
hexanol and cyclohexanone products, and a consistent oxygen-transfer mechanism, activated by the manganese center, was proposed on tt
of the kinetic behavior. Théy/kp values suggested that in Mn(3-TRPyP) catalysis, the kinetics are favored by the stereochemical environmel
provided by the out-of-plane ruthenium complexes, whereas for the coplanar Mn(4-TRPyP) catalyst, the favorable electronic interaction of
ruthenium complexes with the metalloporphyrin center is the most relevant factor enhancing reactivity.
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1. Introduction them as cofactors, creating new pathways for the oxidation of
organic substratfl 9-21]

Metalloporphyrins have received special attention becauseh In th:js work we “?P"”fa k|n|etr|]c/ meChEn'St'ﬁ |nvest|g|at|och)f
of their catalytic, electrocatalytic, and electron-transfer prop-t e oxidation reaction of cyclohexane by PhlO, catalyzed by

erties[1-8], which are directly related to the stabilization of tetrqruthenated manganese(lll) porphyrin species in tV\./O i_so—

the transition metal ion in high oxidation states by the for-meric forms. Such catalysts were obtamgd by the coordination

mation of MY =0— and W =0O—like specieg9-13]. By ex- of four [Ru(bpy»Cl] T complexes to the pyridyl groups ofeso-
tra(3-pyridyl)porphynatemanganese(lll) [Mn(3-TRPyP)] and

L. . . . . te
ploiting the coordination chemistry strategy for self-assemblmg: )
supramolecular systenfid, 14], transition metal complexes can -tetra(4-pyridyl)porphynatemanganese(lll) [Mn(4-TRPy-
P)], as shown irFig. 1

be connected to the periphery of pyridylporphyrt§,16]to
modify the stereochemical environment or even to modulate th
electronic characteristics of the metalloporphyrin center. As
matter of fact, supramolecular porphyrins containing selected ,

peripheral metal complexes have been designed as biomimel%cl' Materials

models of cytochrome P-45907,18] As typical substituents, ) .

one can exploit the electron donor/acceptor and/or electron- ' "€ dichloromethane solvent was distilled oveOB, and

transfer properties of the ancillary complexes or make use ofiP LC-grade acetonitrile was used as supplied. Both solvents
were stored on 3 A molecular sievesOctane, used as an inter-

nal standard, was distilled, and its purity was confirmed by gas
" Corresponding author. chromatography. All other chemicals were reagent grade (1,2-
E-mail address: koiaraki@iq.usp.b(K. Araki). dichloroethane, cyclohexane, methanol, and deuterated cyclo-
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Fig. 1. Schematic and optimized DFT structures of the two manganese(lll) porphyrin isomers, Mn(3-TRPyP) and Mn(4-TRPyP).

hexane with> 99% D) and used as received. lodosylbenzenalm2 solution of Mn(3-TRPyP) or Mn(4-TRPyP) in acetoni-
(PhIO) was prepared from iodobenzene diacetate and NaOtiile (cat:PhlO= 1:26 and 1:52, respectively), were recorded
[22,23], and its purity & 98%) was confirmed by the iodomet- on an HP-8453 diode-array spectrophotometer.

ric method. The supramolecular porphyrins were obtained and

characterized previous[,3]. 3. Results and discussion

2.2. Kinetics measurements 3.1. Electronic spectroscopy

All reactions were carried out under a nitrogen atmosphere, A shift of the so-called porphyrin band \Fig. 2), from
in a 250 £ 0.1°C thermostatted 2 mL vial, capped with a 473 to 428 nm was observed in the electronic absorption
Teflon-coated septum and containing a small magnetic stirspectra after addition of PhlO, concomitantly with the disap-
ring bar. lodosylbenzene (Lx 10~° mol), 1,2-dichloroethane pearance of bands Il and IV and the decrease of bangds V
(DCE; 130 pL), cyclohexane (200 pL), anebctane (1 uL ofa  and VI. The Mn(lll)P is consumed in few seconds and the
n-octane/DCE, 5.9 mg/75 mg solution) were successively transoxidized G=Mn'Y (TRPyP) species accumulates allowing its
ferred with a Hamilton syringe, and, finally, a precise volume ofyv-vis spectroscopic detection in solution. In all experiments,
the catalyst stock solution in acetonitrile (ACN) was added. Tahe bands associated with the peripheral ruthenium complexes
vary the concentration of the catalyst while keeping the exper¢pr — pr*, MLCT, and MLCT; at 295, 350, and 495 nm)
imental conditions constant, a complementary volume of ACNdid not change significantly. Such observations are consistent
was added to the reacting mixture. Then gas chromatographyith the formation of the @Mn'V P species from oxidation of
(GC) analyses were performed with a Shimadzu GC-17A dethe starting Mn(3-TRPyP) and Mn(4-TRPyP), while keeping
vice, using a flame ionization detector and a 3&10.25 mm  the peripheral complexes unchanged. This is an interesting as-
OV-1701, 0.25-um capillary column. Nitrogen was used as carpect, because the redox potential of these peripheral complexes

rier gas. was found to be lower than for the oxidation of the Mn(lll)P
center by cyclic voltammetry, clearly demonstrating the fun-
2.3. UV-vis spectroscopy damental role of the oxygen-transfer process in the activation

of the metalloporphyrin site. However, it should be noticed that
Spectral changes after addition of a iodosylbenzengGTH  the O=Mn'V P species may not be the primarily formed species.
CH30H:H,0 (80:18:2) solution, into 2 mL of 4 x 10~% mol In general, as previously reported for similar manganese por-
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Fig. 2. UV-vis spectra obtained before and 15 s after addition3sf 2 10~2 moldm—3 iodosylbenzene C}Cly:CH30H:H,0 (80:18:2) solution, into an acetoni-
trile solution of (A) Mn(3-TRPyP) and (B) MN(4TRPYPMnNP] = 4.6 x 10-6 moldm~3; [cat]:[PhIO] = 1:10.
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Scheme 1. Hydroxylation mechanism of cyclohexane catalyzed by Mn porphyrins.

phyrins[9,13], it is considered just a stable high-valent speciescatalyst, MNnTCP, was usefd9]. Accordingly, the evidence
generated after the fast decay of the real catalytic active speciesypports the conclusion that the chloride atom is being ab-

O=Mn"P. strated from the peripheral complexes in the supramolecular
catalyst, which suggests a mechanism similar to the oxygen-
3.2. Determination of kinetic parameters atom rebound proposed by GrovE#t,25] for metallopor-

phyrins Scheme L In this mechanism, the active oxo-species
The oxidation of cyclohexane with PhlO in the presence ofcleaves the C—H bond abstracting a hydrogen atom and the cy-
the supramolecular Mn(3-TRPyP) and Mn(4-TRPyP) species;lohexyl radical subsequently reacts with the bond OH group,
at 25°C, was found to yield cyclohexanol and cyclohexanoneyielding cyclohexanol, as shown Bcheme 1According with
as major products this model, cyclohexanone is formed by further oxidation of

cyclohexanol. However, the cyclohexyl radical may eventually
4 phio _MNETRPYP) TprF’) escape from the cage reacting with the chloride ligand in the
Mn(4- Tprp) peripheral ruthenium complexes or abstracting a chlorine atom

h from DCE solvent, as proposed previoufdy21].

+ Ph. To elucidate the mechanism, the concentrations of the prod-
None of these products could be found in the absence of thosets were monitored as a function of the time by GC, using 1-uL
manganese species, showing that they are in fact mediating tisamples. Typical kinetic plots are shownFiy. 3. It should be
oxygen atom transfer to that substrate. noted that the concentration of all products increased linearly

It is interesting to notice that a small but significant amountas a function of the reaction time for at least two half-lives.
of chlorocyclohexane was also detected as a byproduct of thEhere is a short induction period of about 15 s, including the
reaction. This species was not detected when the conventionalixing time. The kinetics is consistent with a zero-order mech-
porphyrins, MnTPyP or MNTMPYP, were used as catalyst. Th@nism relative to the formation of the produf2§], that is, the
abstraction of chloro atoms from the solvent DCE is improba+eaction rate is apparently independent of the concentration of
ble, because it was not observed when a related highly activilne reactants, as expressed by &9 [27]. The total concentra-
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Fig. 3. Variation of the reaction products concentration as a function of the time after addition of (A) Mn(3-TRPyP) and (B) Mn(4-TRPyP) ACN solu-
tion into a mixture of cyclohexane and PhlO in 130 pL of DCE. The volume of ACN in the reaction mixture was kept constant at 50 pL. Conditions:
[MnP] = 2.96 x 10~4 moldm3; [PhIO] = 0.3 mol dm3 (considering that it is in solution); [cyclohexane] 4.8 mol dm3 (200 pL); total volume= 381 pL;

T = 25°C; under a nitrogen atmosphere.

50k = 2_99')(10“‘ mol Idm'3 to the catalyst concentratioifrig. 5). Furthermore, the zero-

o L o 4.79x10™ order kinetic behavior is only broken down when the reaction
£ 40} 4 5098x10* approaches the endpoint, when the PhlO reagent is depleted.
S e 718x10" This behavior can be satisfactorily explained considering the
g 3.0 4 following points:

= 2.0 - 1. PhIO is only slightly soluble in the medium; its concentra-
= s tion should remain approximately constant inasmuch as the
0°1,o - solid reagent is present in the reaction mixture.

L 2. There is a very large excess of cyclohexane (the [catdlyst]
0.0 L 1 R — [cyclohexane] ratio is typically 1:16,000) and its concen-
0 20 40 60 80 . .
Time/ min tration can be considered constant.

Fig. 4. Change of the products concentratiem time for the cyclohexane
oxidation with PhlO, catalyzed by different concentrations of Mn(3-TRPyP).

Conditions: PhIO= 0.03 mol dnT3; cyclohexane= 4.8 mol dn™3 (200 pL);

total volume= 381

tion of the reaction products also varied according to a linear

uL; T = 25°C; under nitrogen atmosphere.

3. The concentration of the catalytic active species formed in
solution depends on the initial concentration of its precur-
sor [Mn(3-TRPyP) and Mn(4-TRPyP)], remaining constant
during the kinetics.

In this way,

function of the reaction time. However, the zero-order rate condC —k )
stants kops; Fig. 4) showed a linear dependence with respect dr '
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Fig. 5. Plot of the zero-order rate constarkigyg) as a function of (A) Mn(3-TRPyP) and (B) Mn(4-TRPyP) concentration. Conditions: PhD03 mol dnt3;
cyclohexane= 4.8 mol dnt3 (200 pL); total volume= 381 pL;T = 25°C; under nitrogen atmosphere.
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Fia 6. Ch Cth ontal rat riogd with th . The second effect should be particularly important in the Mn(3-

1g. ©. ange a e experimental rate cons wi e concentra- f . . . . _
tion of cyclohexane. ConditiongMn(3-TRPyP) = 5.98 x 10~4 moldm3; TRPYP) isomer, considering its particular geometry that gen
PIO = 0.03 moldn3; cyclohexane= 4.8 moldnT3 (200 pL); total vol- ~ €rates two pockets above and below the porphyrin ring. The
ume= 381 pL;T = 25°C; under nitrogen atmosphere. fact that Mn(3-TRPyP) isomer is slightly more active than the
Mn(4-TRPyP) species, reflects the importance of the stereo-

Accordingly, the rate constants independent of the catalysthemical effects in such supramolecular catalysts.
concentration i, ) can be determined from the angular co- S _

efficients of the curves shown Fig. 5. However, when exper- 3-3. Kinetic isotopic effect (KIE)

iments varying the concentration of the substrate were carried

out, a linear dependence betweeys and [cyclohexane] was The kinetic studies described earlier showed that the zero-
also evidenced using Mn(3-TRPymjig. 6) and Mn(4-TRPyP) order behavior is actually determined by the experimental con-
as catalyst. Consequently, the catalytic reaction also exhibits @tions used. To shed some light on the structure of the acti-
first-order dependence in relation to [cyclohexane]. This resulyated complex, kinetic isotopic effects were investigated us-
is in agreement with our previous assumption because cyclddg deuterated cyclohexane d012). According to Meunier
hexane is in large excess assuring a pseudofirst-order conditid®,36} a very low KIE &1/kp < 1.8) is associated with a
relative to the substrate. Considering the dependence of the cafansition state in which the iodobenzene-leaving group is still
alyst and substrate concentration, the second-order rate const@f€sent, decreasing tfeangle as shown ikig. 7. As this angle

for the reactionkcat = kops/ ([catalysi[cyclohexan® equal to approaches 90the KIE tends to 1, because the contribution of
(47+02) x10*M2s1and4.3+0.2) x 104 M 251 the asymmetric vibrations involved in the rate-determining step

were obtained, respectively, for Mn(3-TRPyP) and Mn(4-is oriented in orthogonal directions. Interestingly, no KIE was
TRPyP). observed for Mn(3-TRPyR)k /kp = 0.944 0.07), whereas a
Diffuse Fourier transform calculations had been used to exsmall but significant effect was found in the case of the Mn(4-
plain the electronic coupling observed between the porphyrid RPyP) isomer (77 +0.3). Accordingly, as expected, the stere-
ring and the peripheraheso-phenyl groupg28,29] Accord-  ochemical environment provided by the peripheral ruthenium
ingly, electronegative substituents on the phenyl ring tend¢omplexes in the Mn(3-TRPyP) species should be favoring the
to contribute to the porphyrin ring stabilization against ox-formation of an activated complex in which th angle is
idation, by diminishing the electronic density on[80,31]  smallest as possible. This is also corroborated by the slightly
Similar effects are expected for the supramolecutaso- higher reaction rate found for the Mn(3-TRPyP) isomer. Be-
pyridylporphyrins. In fact the optimized geometry of Mn(3- cause of its planar geometry, such effect should be relatively
TRPyP) and Mn(4-TRPyP) species, obtained by DFT andess important in the Mn(4-TRPyRjra-isomer, leading to a
molecular mechanics calculatioji82—34] showed that the more relaxed transition state, as illustratedig. 7.
macrocyclic ring is essentially planar. Furthermore, the periph-
eral ruthenium ions are in the same plane in the Mn(4-TRPyP3.4. Reaction mechanism
species, but they are located above and below the porphyrin
plane in the case of Mn(3-TRPyP) complé&id. 1). Based on the results described herein, the mechanism shown
The catalytic activity can be modulated by the electronicin Scheme Zan be proposed. The first step involves the rapid
effects induced by the peripheral ruthenium complexes. In conreaction between the manganese(lll) porphyrin precursor with
trast, the stereochemical positioning of these groups with reiodosylbenzene yielding an adduct, namely AB. This interme-
spect to the porphyrin center can also give rise to local pickediate associates with cyclohexane forming the active key inter-
fences, or pockets, influencing the accommodation of the subnediate ABD, in which the KIE takes place. Next, the C—H
strates near the catalytic site. The first contribution should beleavage proceeds generating in the same cage trapped cyclo-
more effective in the case of Mn(4-TRPyP) than the Mn(3-hexyl radical and OH groups that recombine rapidly, yielding
TRPyP) isomer because of the nodal plane found in the pyridytyclohexanol and regenerating the starting Mn(Il)P. This prod-
bridge for the last species, inhibiting the electronic coupling.uct can be oxidized once again forming cyclohexanone.
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Scheme 2. Scheme showing the elementary reactions and the corresponding differential rate equations for the mechanism proposed for the Mn(8-TRPyP)
Mn(4-TRPyP) catalyzed cyclohexane oxidation by PhlO.

Considering the hypothesis of stationary state for ABDchlorine atoms, but no evidence of chlorinated byproducts have

and E, been found.

k2[DI[AB] — (k-2 + k3)[ABD] =0, (7) 4. conclusions

[ABD] = k2[D][AB]/(k—2 + k3), (8)

and The supramolecular manganese porphyrin Mn(3- and 4-

TRPyP) catalyzes the oxidation reaction of cyclohexane by
k3[ABD] — k4[E] = O. (9) iodosylbenzene, according to zero-order kinetics, expressed in
terms of the concentration of the products as a function of time.
The observed rate constants exhibited a first-order dependence
d[P] on the catalyst and substrate concentrations. Small kinetic iso-

dr = k3[ABD]. (10) topic effects were observed for the catalytic process, being

Substituting Eq(8) in (10), and considering that [AB] is pro- negligible for the Mn(S-TRPy_P) isomer, and significa_nt in the
; case of Mn(4-TRPyP), reflecting the stereochemical differences
portional to [A], 4 i ) L ;
around the catalytic active site. The kinetics were consistent

Accordingly,

diP] _ kskz2[AB][D] (11)  With an oxygen-transfer mechanism, in which the activated
dt ks+k_p ' complex exhibits distinct contribution from the supramolecular

d[P] electronic and stereochemical effects induced by the ancillar

—— =kcalAl[D]. (12) y y

dr ruthenium complexes in the two isomers.

Hence the rate equation for cyclohexane oxidation by PhlO cat- " |
alyzed by Mn(3-TRPyP) and Mn(4-TRPyP) complexes is giverfo‘C nowledgments
by Eq. (12). This is consistent with our experimental results

and explains the observed pseudozero-order kinetic behavi(ig Fmgnugl Séthp(;rt gronswaFI? E?P (CFKIr;daggo delﬁmepar(.) a |
because the concentration of cyclohexane is in large exce esquisa do Estado de Séo Paulo), g (Conselho Naciona

(D] =~ constant) and for a single run, the concentration of cata(-Jlse Desenvolvimento Cientifico e Tecnologico), CAPES/PICD,

lyst is also constant ([A} constant) if no decomposition takes RENAMI (Red_e de Na_nomatenals Moleculare_s € Qe Interface),
place. and the Millenium Institute of Complex Materials is gratefully
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