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Three generations of cobalt porphyrins as catalysts in oxidation

of cycloalkanes

K. Pamin*@ E. Tabor® S. Goreckal®, W.W. Kubiak ¥, D. Rutkowska-Zbik@ J. Polttowicz*

Abstract: Three generations of cobalt porphyrins were synthesized,
physicochemically characterized by FTIR and UV-Vis spectroscopy
as well as cyclic voltammetry and applied as catalysts in oxidation of
cycloalkanes with molecular oxygen as air under mild conditions. It
was found that all the examined catalysts were active in the tested
reaction and their catalytic activity varied with the nature and the
quantity of substituents on porphyrin ring. It has been demonstrated
that introduction of electron-withdrawing or electron-donating
substituents at the porphyrin rings increases the activity of
metallocomplexes. It was exhibit, for the first time, that the Il
generation of cobalt porphyrins in cycloalkanes oxidation show
higher activity in comparison to cobalt porphyrins of Ill generation.
Relatively lower catalytic activity of 1ll generation cobalt porphyrins
can be assigned to the saddle-shaped deformations of the porphyrin
macrocycle. DFT modelling of Co porphyrins and their interactions
with molecular oxygen provided motives for the observed effects. On
the basis of literature data and obtained results reaction mechanism
is proposed and discussed.

Introduction

The oxyfuntionalization of cycloalkanes into more valuable
products such as alcohols and ketones is one of the most
important and one of the fundamental reactions in organic
synthesis'd. Particularly, the oxidation of cyclohexane attracts
constantly much attention because cyclohexanol and
cyclohexanone are important intermediates for the production of
adipic acid or caprolactam. Both of them are used in the
chemical industry for production of polyamids like Nylon-6,6 or
Nylon-6, respectively. In the industry, the system currently in use
operates with cobalt naphthenate as catalyst, molecular oxygen
as air, reaction temperature in the range 155-160°C and air
pressure of 1 MPa. The conversion around 4% and selectivity of
about 85% accomplished in this process means that a large
stream of unreacted cyclohexane is constantly circulating in the
installation for cyclohexane oxidation*®<l, Therefore, this makes
the oxidation of cyclohexane the least efficient of all major
industrial chemical processes.

The XXI century is called “the century of new materials” because
only the synthesis of new materials can allow mankind to
maintain the current development. It is also the century which
brings a new demands for the society, such as the idea of the
sustainable development which can be reached using different
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approachesi*®. One of them relays on the variation of the
reaction conditions in the chemical process through the
introduction of a new catalysts which permits the milder reaction
condition application.

The nature has chosen metalloporphyrins as active elements of
enzymes and other biologically active compounds. Macrocyclic
complexes like metalloporphyrins have received much attention
in the field of catalytic hydrocarbon oxidation and they are good
candidates for catalytic centers. They exhibit multidentate ligand
systems that bind transition metal ions in the multiple oxidation
states. The electronic structures of porphyrin ligands can be
altered by a rational synthesis, tailoring their composition for
introduction of those elements that are necessary to achieve
defined properties.

The synthetic metalloporphyrins have been used extensively as
biomimetic catalysts for hydroxylation of hydrocarbons, oxidation
of aromatic compounds and olefins epoxidation?2®l, Such
studies could help in the understanding of the complex biological
processes involved in the enzymatic reactions with cytochrome
P450c, This enzyme is responsible for hydroxylation of
nonpolar substrates?®el. Therefore, the synthesis of porphyrins
and metalloporphyrins has received the a lot of attention among
scientists as highly active catalysts for hydroxylation of alkanes
and epoxidation of olefins. The currently available synthetic
methods allow one to synthesize porphyrin ligands carrying
different substituents either at meso- or B-pyrrolic positions or
both at meso- and B-pyrrolic positions (Scheme 1). Porphyrins
used for the preparation of complexes with different transition
metals can be divided into ligands of I, Il and Il generation. The
| generation porphyrin has no or one substituent on the phenyl
ring in porphyrin macrocycle?¥. Lindsay synthesis®¥ permits the
development of the Il generation porphyrins by the introduction
of more electron-withdrawing or/and electron-donating
substituents at the porphyrin macrocycle.
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Scheme 1. Co porphyrin with substituents on meso- and B-pyrrolic positions.

Metalloporphyrins of the Il generation have been extensively
studied as catalysts with different oxygen donors®®. The
demand for the synthesis of porphyrin ligands with the
substitution on both meso- and B-pyrrolic positions resulted in 11l
generation porphyrins on the way of the evolution of the
synthetic procedures involving the perhalogenation of the | and Il
generation porphyrins. Perhalogenation of porphyrin ligand was
the method of choice for the formation of the increased electron
deficiency of the metalloporphyrin. The enhanced -catalytic

nd o
the document.((Please delete this text if na—tm&ﬁ&ﬂlﬁéﬁ protected by copyright. All rights reserved.


mailto:ncpamin@cyf-kr.edu
mailto:ncpoltow@cyf-kr.edu.pl
mailto:nczbik@cyf-kr.edu.pl
mailto:nczbik@cyf-kr.edu.pl
mailto:edyta.tabor@jh-inst.cas.cz
mailto:gorecka.syl@gmail.com

ChemSusChem

activity observed for the Il and Il generation of porphyrins is
related to the protection of macrocyclic ligand from the oxo-
dimer formation and oxidative self-destruction during catalysis.
The synthetic iron and manganese porphyrins are among the
most studied metallocomplexes as catalysts in different
oxidation processest®2221 On the contrary, there are only a
few examples in the literature dealing with the cobalt porphyrins
catalyzed oxidation of cycloalkanes!#a-4.2a2i,

Recently, we have described the application of both manganese
and iron porphyries as well as their p-oxo analogs with different
electron-donating or electron-withdrawing substituents in the
oxidation of cyclooctane to its oxygenates®l, Our investigations
demonstrated that these metalloporphyrins were catalytically
active in the oxidation process and their activity depend on the
structure of porphyrin macrocycle. It was also found that the
yield of products in hydroxylation reaction shows an almost
linear relationship with the number of the halogens on the
porphyrin macrocycle.

In this paper we continue our study on the catalytic activity of
metalloporphyrins in the oxidation of cycloalkanes to
cycloketone and cycloalcohol. We have applied as catalysts
three generations of cobalt porphyrins with various electron-
donating or electron-withdrawing substituents to modify their
physicochemical properties and catalytic activity. Their
structures are presented in Figurel. We exhibit here, for the first
time, that the Il generation Co porphyrins are catalytically more
active than those of Il generation in the oxidation of

cycloalkanes with molecular oxygen.

Co porphyrin X z Z1 Y Nost
CoTPP H H H H 0
CoTTP H CHs H H 4
CoT(p-Cl)PP H cl H H 4
CoTDCPP Cl H H H 8
CoTMP CHs CHs H H 12
CoTPFPP F F F H 20
CoTDCPBNsP Cl H H NO2 14
CoTDCPBClsP Cl H H cl 16
CoTPFPBBrsP F F F Br 28

[a] Number of substituents.
Figure 1. Co porphyrins: | generation (blue color), Il generation (orange color),
Il generation (green color)

Results and Discussion

Syntheses and Characterizations
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UVVis Absorption Spectra

UVVis spectra of metalloporphyrins are fingerprints of their
structures. Generally, metalloporphyrins possess characteristic
UVVis spectra with 2 distinct regions: Soret band at about 380 —
500 nm and Q bands at 500 — 750 nm. First region includes the
transition from the ground state SO to the second excited state
S2 and the resulting band is called the Soret or B band. The
second region covers weak transitions from the ground state SO
to the first excited state S1 provoking the formation of rather
weaker intensity Q bands. Their relative intensity is dependent
on the kind and the position of substituents on the macrocyclic
ring. UVVis spectra of Co porphyrins were measured as 10°
solutions in dichloromethane and the results are gathered in
Table 1.

Table 1. UVVis spectra of Co porphyrins.

Catalyst Soret band Q bands
[nm] [nm]
TPP 417 514 538 585 620
CoTPP 410 528
CoTTP 412 529
CoT(p-Cl)PP 411 529
CoTMP 412 529
CoTDCPP 410 531 560
CoTPFPP 404 526 554
CoTDCPBNeP 446 546
CoTDCPRClgP 436 556 585
CoTPFPBBrsP 442 558 588

In Table 1, the positions of Soret band for TPP ligand and series
of Co porphyrins as well as one to four characteristic bands in
the visible region are listed. Insertion of cobalt atom and different
substituents into the porphyrin ring influences both the position
of Soret band and the intensity and number of Q bands. The
largest variations in Soret band locations are observed for
substituents in B-pyrollic positions (Scheme 1). Moreover,
introduction of cobalt results, for porphyrins of | and Il generation,
in blue shift of Soret band. However, for Il generation Co
porphyrins with substituents in B-pyrollic and meso-positions
Soret band is red-shifted. For example, the introduction of
electron-withdrawing groups like NO, or Cl into CoTDCPP
induces the change of Soret band position from 410 nm to 446
nm for NO; or 436 nm for Cl substituents. Similarly, in the case
of CoTPFPP, the incorporation of Br groups renders the Soret
band red shift from 404 nm for CoTPFPP to 442 nm for
CoTPFPBBrsP.

Cyclic Voltammetry Measurements

Redox properties of Co porphyrins were studied using cyclic
voltammetry, which is reliable method to asses oxidation skills of
studied catalysts. Table 2 presents the results of the
voltammetric measurements for the series of Co porphyrins. All
the studied Co porphyrins undergoes one-electron oxidation
processes. Oxidation of unsubstituted CoTPP porphyrin, treated
here as reference sample, occurs at 280 mV. However, the
introduction of substituents on the porphyrin ring modifies
oxidation potential. For example, the addition of electron-
withdrawing groups either to meso- or to B-pyrollic positions on
the porphyrin macrocycle induces easier reduction and more
difficult oxidation. By contrast, in the presence of electron-
donating groups on Co porphyrin reduction is harder while
oxidation proceeds more readily.

This article is protected by copyright. All rights reserved.



ChemSusChem

Table 2. Cyclic voltammograms of Co porphyrin catalysts

Co porphyrin Potential Number of Co porphyrin
Eox, [mV] substituents generation
CoTMP 271 4 |
CoTTP 278 12 Il
CoTPP 280 - |
CoT(p-Cl)PP 282 4 |
CoTDCPP 292 8 Il
CoTPFPP 295 20 Il
CoTDCPBNsP 290 14 1
CoTDCPBClsP 290 16 1
CoTPFPBBrsP 308 28 1

The presence of electron-withdrawing groups reduces the
electron density on the metal atom. On the other hand, electron-
donating substituents act in quite the opposite way, rendering
the increase of electron density in the vicinity of metal atom.

90
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Figure 2. Catalytic activity of cobalt porphyrins with different substituents as a
function of their oxidation potentials. The yield is based on molecular oxygen
in the reaction vessel.

Introduction of electron-donating substituents on the porphyrin
macrocycle (CoTTP and CoTMP) renders the decrease of their
oxidation potentials. On the contrary, oxidation potential of
cobalt porphyrins grows upon the addition of electron-
withdrawing groups and generally is higher than the one
established for CoTPP. Figure 2 depicts the relationship
between the yield to oxygenates and the oxidation potential of
the Co porphyrins. The presence of both, the electron-donating
and the electron-withdrawing substituents on porphyrin ring
improves the catalytic activity in comparison with unsubstituted
CoTPP. In particular, for electron-donating groups on porphyrin
ring, with the decrease of oxidation potential Eox the yield to
oxygenates grows. In the presence of electron-withdrawing
substituents the increase of the E.x is accompanied by the rise
of the yield to oxygenates. These results are in line with findings
reported by Guol® for iron p-oxo porphyrins in the cyclohexane
hydroxylation with iodosobenzene as oxygen donor. Our
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previous studies, which were performed in the presence of
manganese or iron® porphyrins bearing electron-donating or
electron-withdrawing groups, also confirm catalytic performance
of Co porphyrins in the oxidation of cyclooctane by molecular
oxygen.

Catalytic results

Three members of homologous series, namely cyclopentane,
cyclohexane or cyclooctane were applied as substrates and
studied in oxidation catalyzed by cobalt porphyrin complex
CoTPP (Scheme 2).

@

cyclopentane
CoTPP

O =

2

go . Q,OH

cyclopentanone  cyclopentanol
cyclohexanone  cyclohexanol
.O + .O )

cyclooctanone  cyclooctanol

cyclohexane

cyclooctane

Scheme 2. Cycloalkanes oxidation.

The main products of cycloalkane oxidation with molecular
oxygen are cycloketone and cycloalcohol (Scheme 2). Blank test
of liquid phase oxidation of cyclooalkane carried out in the
absence of a catalyst showed lack of oxygenates in the reaction
conditions. For cyclopentane oxidation, in the presence of
CoTPP, after 6 h of reaction only 3.8% yield to ketone and 1.2%
yield to alcohol were obtained (Figure 3).

30

% cycloketone
Il % cycloalcohol

25+

N
o
1

Yield of products, %
S >
1 1

CeH12

0 —

CsH1o CgHi1e

Figure 3. Oxidation of C5, C6 and C8 cycloalkanes by unsubstituted CoTPP.

The oxidation of cyclohexane resulted in 15.4% vyield to
cyclohexanone and 2.9% vyield to cyclohexanol. In the similar
reaction  conditions, cyclooctane was converted to
cyclooctanone and cyclooctanol with yields of 29.5% and 6.3%,
respectively.

Taking into account the above results the following order of
catalytic activity in the studied reaction was established:
cyclooctane > cyclohexane > cyclopentane, and hence
cyclooctane was finally selected for further investigations.

It is well-known that the selective catalytic oxidation of C-H
bonds results in the formation of hydroperoxides!”l. However,
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iodometric titration of reaction mixture, analysed after 6 h of the
reaction, enables the evaluation of the amount of cyclooctane
hydroperoxide as 0.06%, which is too low to have any impact on
the results of the further GC analysis. Hydroperoxide once
formed upon the action of the catalyst in the course of the
reaction transforms to alcohol and ketone. In our reaction
conditions cycloalkyl hydroperoxide in the presence of cobalt
porphyrin catalysts almost completely decomposes.

In this paper we report the effect of the Co porphyrin ring
structure of the series of three generations cobalt porphyrins on
their catalytic activity in the oxidation of cyclooctane with
molecular oxygen. The main products of the studied reaction are
cyclooctanone and cyclooctanol. The formation of secondary
oxidized products such as 1,5-cyclooctanedione and 1,4-
cyclooctandione was not confirmed by GC analysis. As catalysts
the unsubstituted cobalt porphyrins or Co porphyrins with one
substituent at the phenyl ring (I generation), those bearing more
substituents at the phenyl rings (Il generation) and cobalt
porphyrins with groups both at the phenyl and pyrrole rings (lll
generation) were applied. The results summarized in Figure 4
clearly show that all the examined macrocyclic catalysts were
active in the studied reaction and their catalytic activity varied
with the nature and the quantity of substituents at the porphyrin
ring.

70 -{ | IEIM cyclooctanone
| | cyclooctanonol
60 4 GEN | GEN Il
X 50
P
s
2 40
o
S
‘S 30
[2]
o
[9)
. 20
10 1
0 -
£ & & & a2 & 8 8
S A N O > R L O
S P & & K & & KL
© o o O o I N
N QO £ Q S S
s & K& 5
S & O

Figure 4. Cyclooctane oxidation in the presence of Co porphyrins. The yields
are based on molecular oxygen in the reaction vessel.

As one can see catalysts can be divided into three groups,
depending on the porphyrin generation. In the case of |
generation metalloporphyrins, the lowest catalytic activity in
cyclooctane oxidation is observed for unsubstituted CoTPP.
CoTTP complex with four electron-donating groups (CHs)
demonstrates significant increase of yield to cyclooctanone
(41.5%). And the last complex in this group of catalysts, CoT(p-
CI)PP, belonging to the | generation metalloporphyrins with four
electron-withdrawing groups (Cl) shows further rise of
cyclooctanone yield. At the same time yield to cyclooctanol

remains almost stable for all three | generation
metalloporphyrins. 1l generation Co porphyrins, namely
CoTDCPRClgP, CoTPFPBBrsP and CoTDCPBNgsP, exhibit

continued growth of both, the yield to cyclooctanone and to
cyclooctanol. However, relatively moderate catalytic activity of
these considerably substituted Co porphyrins is rather surprising
since it has been repeatedly demonstrated that introduction of
electron-withdrawing or electron-donating substituents at the
porphyrin rings increases the activity of metallocomplexes(®,
And finally, the highest catalytic activity can be observed for the

10.1002/cssc.201802198

WILEY-VCH

catalysts pertaining to the group of Il generation Co porphyrins.
CoTMP complex with twelve CH3; groups demonstrates slightly
higher yield to cyclooctanone (58.5%), however the yield to
cycloalcohol is comparable with the results observed for Ill
generation of Co porphyrins. Although CoTMP complex
possesses exclusively electron-donating substituents its high
catalytic performance in the studied reaction is not surprising.
Similar metalloporphyrins, MNnTMP and FeTMP, have been
widely applied and they demonstrated superior catalytic activity
in oxidation processesi*®8¢l. For CoTPFPP with 20 fluorine
substituents the yield to cyclooctanone slightly diminishes
(56.3%) but on the other hand this catalyst is the most active in
the formation of cyclooctanol. CoTDCPP porphyrin having 8 ClI
groups in phenyl rings is the most active among all the studied
catalysts in the oxidation of cyclooctane yielding 68.8% of
cyclooctanone and 14.2% of cyclooctanol. Summing up, it is
worth notice that Il generation Co porphyrins are more
catalytically active than those of Il generation. Entirely similar
phenomenon was described by Meunier et al.® who showed
that Mn porphyrins of Il generation (MnTDCPP) are more
catalytically active than those of Il generation (MNTMBBrgP) in
the cyclohexane hydroxylation by KHSOs. Moreover, it was also
demonstrated that 11l generation MNnTDCPRCIgP is less active
than Il generation MnTDCPP in the olefins epoxidation with
hypochlorite®®. We postulate that the motive for the reverse
order of catalytic activity in cyclooctane oxidation is spatial
deformation of porphyrin ring structure from planar to saddle-
shape.

Basing on the literature®® and our investigations the following
mechanism of oxidation with Co porphyrins as catalysts was
proposed. According to the literature datal®®° we propose the
radical chain reaction mechanism.

Co(ll)Por + O, —> Co(lll)Por-00" (@8]
cororoo” + O s ()@
)+ e " ®3)
O O—=O% O e
O O—™ U 3

Co(ll)Por

+ OH" + Co(lll)Por (6)

Ol 08

UOO Cotypor, g . cotppor (7)
O — U Q ©
+ 120, Co(l)Por_ O )

Scheme 3. Cycloalkanes oxidation in the presence of Co porphyrins — the
mechanism
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Scheme 3 presents set of reactions where the main reaction
products are cycloctanone, cyclooctanol and traces of
cyclohydroperoxide. Reaction starts with the activation of
molecular oxygen by Co porphyrin which leads to the formation
of superoxide (1) species. In the next step the latter abstracts
hydrogen from cycloalkane forming the cycloalkyl radical R* (2)
and promoting the initiation of radical chain reaction[®¢1abl,
Chain propagation step begins with the reaction of cycloalkyl

radical R* and molecular oxygen to cycloperoxyl radical ROO* (3).

Cycloperoxyl radical ROO" may further react with the next
molecule of cycloalkane producing cycloalkyl hydroperoxide
ROOH and cycloalkyl radical R* (4). In the fifth step cycloketone
and cycloalcohol appear as a result of the recombination of
cycloperoxyl radicals ROO" establishing at the same time chain
termination step. Cycloalkyl hydroperoxide ROOH in the
presence Co porphyrin decomposes both, in the homolyticl®®1l
or heterolytic®d manner. In the homolytic decomposition
cycloalkoxyl radical RO® and hydroxyl radical OH" are produced
(6). On the other hand heterolytic decomposition results in the
formation of cycloperoxyl radical ROO" (7). Additional source of
cycloalcohol is the reaction of cycloalkoxyl radical RO*, produced
in (6), with cycloalkane molecule (8). Cycloalcohol arising in the
previous steps may also be converted to cycloketone in the
presence of the catalyst (9). Perhaps step (9) is the main reason
for the high yield of cycloketone and only limited formation of
cycloalcohol observed in our catalytic system. In contrast to our
catalytic studies on cycloalkanes it is worth to recall that for
oxidation of linear and branched alkanes in the presence of
cytochrome P-450 the main reaction product is always
cycloalcoholle],

DFT calculations

DFT modelling was employed to elucidate the dependency
between catalytic properties of the Co porphyrins observed in
the cycloalkanes oxidation with molecular oxygen and the spatial
geometry of the studied structures. Table 3 gathers the results of
the DFT calculations for the series of Co porphyrins. Doublet
ground state of all the studied cobalt porphyrins with or without
bound molecular oxygen molecule is found in agreement with
earlier theoretical studies of similar complexes*?*P. The
molecular oxygen is always bound in an end-on mode.

Table 3. Selected results of the DFT calculations.

Catalyst N-Col®d  Co-O q(02)  AEc  N-CoO3l
1Al 1Al [kd/mol] 1Al
CoTMP 1.980 1.867 -0.22 -47.1 1.991
CoTTP 1.982 1.870 -0.19 -47.0 1.993
CoTPP 1.982 1.870 -0.16 -50.3 1.967
CoT(p-Cl)PP 1.981 1.872 -0.15 -49.3 1.964
CoTDCPP 1.982 1.878 -0.11 -40.4 1.992
CoTPFPP 1.981 1.884 -0.15 -38.5 1.992
CoTDCPBNsP 1.934 1.917 -0.08 -29.3 1.954
CoTDCPRClsP 1.935 1.897 -0.10 -44.0 1.956
CoTPFPPBBIsP 1.926 1.903 -0.14 -33.1 1.947

[a] average N-Co bond length. [b] atom bond length between Co and Ox. [c]
total ESP charge on O2. [d] binding energy of O.. [e] average N-Co bond
length after binding Oa.

Examination of the structures geometry for all the studied
systems reveals the differences among the three generations of
Co porphyrins (see Supplementary Information for Co porphyrin
structures). Co porphyrins of | generation show planar structure
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of macrocyclic ring (Figures 5A and 5B), generation |l
complexes are only slightly ruffled (Figure 5C), while those of Il
generation exhibit saddle deformation (Figure 5D). Their distinct
geometry is also reflected by the average Co-N bond lengths: in
the four-coordinated complexes they are equal ca. 1.98 A for
generation | and Il complexes, but are diminished to ca. 1.93 A
in the case of generation Il catalysts due to their saddle
deformation. Upon molecular oxygen binding to the cobalt ion
the average Co-N distances (N-Co0O,) are slightly elongated in
the most of the studied systems except for CoTPP-O., and
CoT(p-Cl)PP-O,. This indicates that the molecular oxygen
molecule pulls out Co ion from the macrocycle plane in most of
the cases.
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Figure 5. DFT calculations for unsubstituted CoTPP (A), CoT(p-Cl)PP with 4ClI
substituents (B), CoTDCPP with 8 Cl substituents (C) and CoTDCPBCIsP with
16 Cl substituents (D) and upon binding Oz.

The distortions from the planarity found for the Il generation Co
porphyrins seems to be large enough to constitute steric
hindrances in the process of O, binding to cobalt ion. This can
be seen confronting the Co-O, bond lengths which are longer for
the 11l generation in comparison to the | and Il generation. Co-O;
bond lengths of Co porphyrins with electron-donating
substituents are shortened in comparison with CoTPP catalyst
treated here as a reference. However, in the presence of

electron-withdrawing groups Co-O, bond lengths become longer,

comparing with CoTPP.

In general, this effect is reflected by the molecular oxygen
binding energies. Figure 6 exhibits a linear correlation between
Co-0O; bond length and the molecular oxygen binding energies
AEog, similar as shown inft2a,

-30

-35

-40

AEoz‘ kJ/mol

45

-50 -

T T T T
186 1,87 188 1,89 190 191 192
Co-0,, [A]

Figure 6. Linear correlation (R? = 0.78) between Co-O, bond length and
dioxygen binding energies AEoz.

Finally, the negative charge accumulated on molecular oxygen
ligand (q(O.)) indicates that it is bound in the Oz form, thus
implying its nucleophilic character. The negative charge is
located mostly on the outer oxygen atom, exposing it towards
the incoming organic substrate. The O, ligand is more
nucleophilic in the systems with electron donating-substituents
(CoTTP-O,, CoTMP-0O3). The presence of electron-withdrawing
substituents leads to the smaller negative charge on O, as
compared to the reference CoTPP-O, complex. Charges on O;
confirm donor or acceptor character of substituents increasing or
reducing their values referring to the unsubstituted CoTPP.

Conclusions
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All the synthesized cobalt porphyrin catalysts are catalytically
active in the oxidation of cycloalkanes with molecular oxygen.
Their catalytic performance depends on the nature and number
of substituents introduced into meso-aryl and B-pyrrolic positions
of porphyrin macrocycle. It was shown that not only electron-
withdrawing but also electron-donating substituents on porphyrin
rings significantly improve the catalytic activity towards the
formation of reaction products. It is noteworthy that Il generation
of cobalt porphyrins is more active than Ill generation. Relatively
lower catalytic activity of Il generation cobalt porphyrins can be
assigned to the saddle-shaped deformations of the porphyrin
macrocycle. DFT modelling of Co porphyrins and their
interactions with molecular oxygen provided motives for the
observed effects. The yield to oxygenates grows for Co
porphyrins  substituted with electron-donating groups on
porphyrin ring with the decrease of oxidation potential Eoy. In the
presence of electron-withdrawing substituents the increase of
the Eox is accompanied by the rise of the yield to oxygenates.
Basing on the literature data and our investigations the oxidation
mechanism of cycloalkanes by cobalt porphyrins is proposed.

Experimental Section

General

All the reagents used in this work were purchased and used directly
without further purification. The | generation porphyrins TPP, TTP and
T(p-Cl)PP were synthesized by condensation of pyrrole and appropriate
aldehyde according to the Rothemund and Menotti procedurel?®€l, Two
steps Lindsay procedurel® involving acid-catalyzed condensation of
pyrrole with the appropriate aldehyde into porphyrinogen, followed by its
oxidation with quinone to porphyrin ligand was applied to obtain I
generation porphyrin ligands TDCPP and TPFPP. Porphyrin ligand TMP
was acquired using modified Lindsay method!!3a, The preparation of Il
generation porphyrin TDCPBCIsP was accomplished by the chlorination
of ZNTDCPP with Cl2 followed by the in situ removal of Zn with HCI3],
Ligand TPFPBBrsP was prepared by halogenation of NiTPFPP with Brz
and the in situ removal of Ni with HCI'30l. Porphyrin ligand TDCPBNsP
was synthesized using Mansuy-Battioni method!!3? consisting in the
reaction of porphyrin ligand TDCPP with fuming acid HNOs. All the
synthesized porphyrin ligands were metalated by condensation of
porphyrin with cobalt acetate according to the Adler procedurel3d,
UV-Vis measurements were carried out on a Perkin EImer Lambda 35
double beam spectrophotometer, using quartz cells of 1 cm optical path.
Cyclic voltammograms were recorded in a three-electrode cell using Co
porphyrin modified working electrode, platinum coil as auxiliary electrode
and Ag/AgCl as reference electrode. Co porphyrin solid sample was
homogenized with graphite powder and Nujol to form thick paste which
was then packed into the electrode well. Cobalt porphyrins were
analyzed in acetic buffer of pH=5 as electrolyte, with the scan rate of 25
mV/s. Prior to the measurements the solution was de-aerated with argon
to keep air-free atmosphere over the solution during the measurement.

Catalytic reaction

The catalytic oxidation of cyclooctane (cyclopentane or cyclohexane)
which simultaneously played the role of the reaction medium was
performed in 1L stainless steel batch reactor at the optimum temperature
of 120°C, under the air pressure of 10 atm and with the molar ratio of
cycloalkane to oxygen set at 6.5. In the typical experiment, cobalt
porphyrin having the concentration of 3.3 - 10 M was introduced into the
60 mL of substrate and the reaction was started when the required
reaction conditions were attained. After 6 h of reaction time, the oxidation
was stopped by immersing the hot reactor in a cold water bath and the
reaction mixture was analyzed by means of Agilent Technologies 6890 N
gas chromatograph equipped with a FID detector and Innowax (30 m)
capillary column. The percentage yield of oxygenates (calculated as the
amount of desired product obtained divided by the theoretical yield
predicted by the reaction stoichiometry) was determined in the presence
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of chlorobenzene as internal standard. The conversion and yield of
products were calculated on the basis of oxygen quantity in batch
reactor.

Computational Details

The structures of the investigated porphyrins with and without attached
oxygen molecule were obtained by Density Functional Theory (DFT)
calculations  within  non-local Becke-Perdew functional#@€l,  The
Resolution-of-identity (RI) algorithm was applied in order to accelerate
computation®*-dl, The calculation consisted of geometry optimization of
the studied structures with def2-SVP basis set, further confirmed with
vibrational analysis. Larger basis set of def2-TZVP quality was used(*4"
to compute the electronic structure and properties of the investigated
system, including ESP atomic charges calculated within Merz-Kollman
schemell. The present results were obtained with Turbomole v. 7.114l,
The reported molecular oxygen binding energies (Ex®?) were computed
using the following formula:

Eb®2 = Etot(Porf-02) - Etot(Porf) - Etot(O2)

where:

Ewt(Porf-O2) — total electronic energy of the porphyrin complex with
molecular oxygen,

Ewt(Porf) — total electronic energy of the porphyrin species,

Etwt(O2) — total electronic energy of the oxygen molecule.

Acknowledgements
This research was supported in part by PL-Grid Infrastructure.

Keywords: cobalt porphyrin ¢ cycloalkanes oxidation « DTF
calculations « molecular oxygen  sustainability

[1] a) U. Schuchardt, R.Pereira, M. Rufo, J. Mol. Catal. A: 1998, 135, 257—
262; b) U. Schuchardt, W.A. Carvahlo, E.V. Spinacé, Synlett 1993, 10,
713-718; c) K.U. Ingold, Aldrichchim Acta 1989, 22, 69-74; d) G.
Rothenberg in Catalysis, (Ed.: G. Rothenberg), Wiley-VCH Verlag,
Weinheim, 2008, pp. 1-38.

[2] a) D. Mansuy, Coord. Chem. Rev. 1993, 125, 129-141; b) D. Mansuy,
R. Battioni in Metalloporphyrins in Catalytic Oxidation, (Ed.: R.A.
Sheldon), Marcel Dekker, Basel, 1994, pp. 99-133; ¢) D. Mansuy, Pure
and Appl. Chem. 1987, 59, 759-770; d) P. Rothemund, A.R. Menotti, J.
Am. Chem. Soc. 1941, 63, 267-270; e) A.D. Adler, F.R. Longo, W.
Shergalis, J. Am. Chem. Soc. 1964, 86, 3145-3149; f) R. A. Baglia, J. P.
T. Zaragoza, D. P. Goldberg, Chem. Rev. 2017, 117, 13320-13352; g)
W. J. Song, M. S. Seo, S. De Beer George, T. Ohta, R. Song, M.-J.
Kang, T. Tosha, T. Kitagawa, E. |. Solomon, W. Nam, J. Am. Chem.
Soc. 2007, 129, 1268-1277; h) J. T. Groves, R. C. Haushalter, M.
Nakamura, T. E. Nemo, B. J. Evans, J. Am. Chem. Soc. 1981, 103,
2884-2886; i) H. Tang, Ch. Shen, M. Lin, A. Sen, Inorganica Chimica
Acta 2000, 300-302, 1109-1111.

[3] a) J.S. Lindsay, I.C. Schreiman, H.C. Hsu, P.C. Kearney, AR.
Marguerettaz, J. Org. Chem. 1987, 52, 827-836; b) P. Battioni, J. P.
Renaud, J. F. Bartoli, M. Reina-Artiles, M. Fort, D. Mansuy, J. Am.
Chem. Soc. 1988, 110, 8462-8470; c) B. Meunier in Metalloporphyrin
Catalyzed Oxidation, (Eds.: F. Montanari, L. Casella), Kluwer Academic
Publishers, Dordrecht, 1994, pp. 4-20.

[4] a) B. Meunier, Chem. Rev. 1992, 92, 1411-1456; b) Metalloporphyrin
Catalyzed Oxidation, (Eds.: F. Montanari, L. Casella), Kluwer Academic
Publishers, Dordrecht, 1994; c) Metalloporphyrins in Catalytic Oxidation,
(Ed.: R.A. Sheldon), Marcel Dekker, Basel, 1994; d) M. Costas, K.
Chen, L. Que, Jr., Coord. Chem. Rev. 2000, 200/202, 517-544;¢) C.-
M. Che, K-Y. Lo, C-Y. Zhou, J-S. Huang, Chem. Soc. Revs. 2011, 40,
1950-1975; f) M. Costas, Coord. Chem. Rev. 2011, 255, 2912-2932.

[5] a) J. Poltowicz, E. Tabor, K. Pamin, J.Haber, Inorg. Chem. Commun.
2005, 8, 1125-1127; b) E. Tabor, J. Poltowicz, K. Pamin, S. Basag,
W.W. Kubiak, Polyhedron 2016, 119, 342-349.

[6] C.-C. Guo, J. Catal. 1998, 178, 182-187.

[

[0

[10]

[11]

[12]

[23]

[14]

10.1002/cssc.201802198

WILEY-VCH

a) J.E. Lyons, P.E. Ellis Jr., H.K. Myers Jr., J. Catal. 1995, 155, 59-73;
b) M.W. Grinstaff, M.G. Hill, Y.A. Labinger, H.B. Gray, Science 1994,
264, 1311-1313; c) G.B. Shulpin, J. Mol. Catal. A 2002, 189, 39-66; d)
E. Roduner, W. Kaim, B. Sarkar, V.B. Urlacher, J. Pleiss, R. Glaser, W.-
D. Einicke, G.A. Sprenger, U. Beifu, E. Klemm, C. Liebner, H.
Hieronymus, S.-F. Hsu, B. Plietker, S. Laschat, ChemCatChem. 2013,
5, 82-112.

a) J. C. Barona-Castafio, Ch. C. Carmona-Vargas, T. J. Brocksom, K. T.
de Oliveira, Molecules 2016, 21, 310; b) J.P. Collman, J.I. Brauman, B.
Meunier, T. Hayashi, T. Kodadek, S.A. Raaybuck, J. Am. Chem. Soc.
1985, 107, 2000-2005; c) B.de Poorter, B. Meunier, J. Chem. Soc.,
Perkin Trans.Il 1985, 1735-1740; d) P. Hoffman, A. Robert, B. Meunier,
Bull. Soc. Chem. Fr. 1992, 129, 85-97; e) A.M. d’ A. Rocha Gonsalves,
M.M. Pereira, A.C. Serra, R.A\W. Johnstone, L.P.G. Nunes, J. Chem.
Soc. Perkin Trans. 1994, 2053-2057.

a) R.A. Sheldon J.K. Kochi in Metal catalyzed oxidations of organic
compounds, (Eds.: R.A. Sheldon J.K. Kochi), Academic Press, Inc.,
London, 1981, pp. 34-70; b) I. Hermans, P.A. Jacobs, J. Peeters, J.
Mol. Catal. A 2006, 251, 221-228; c) G.S. Mishra, J.J.R. Frausto de
Silva, AJ.L. Pombeiro, J. Mol. Catal. A 2007, 265, 59-69; d) I.
Hermans, J. Peeters, P. A. Jacobs, Top. Catal. 2008, 48, 41-48; e) T.G.
Traylor, X. Feng, J. Am. Chem. Soc. 1987,109, 6201-6202; f) D.
Mansuy, J.F. Bartoli, M. Momenteau, Tetrahedron Lett.1982, 23, 2781—
2784.

A. Szymanska, W. Nitek, M. Oszajca, W. tasocha, K. Pamin, J.
Polttowicz, Catal. Lett. 2016, 146, 998-1010.

a) |. Hermans, P.A. Jacobs , J. Peeters J. Mol. Catal. A: Chem. 2006,
251, 221-228; b) I. Hermans, J. Peeters, P.A. Jacobs, Top. Catal. 2008,
48, 41-48; c) D. Mansuy, J.-F. Bartoli, M. Momenteau, Tetrahedron Lett.
1982, 23, 2781-2784; d) T.G. Traylor, F. Xu, J. Am. Chem. Soc. 1987,
109, 6201-6202; €) B. Meunier, S. P. de Visser, S. Shaik, Chem. Rev.
2004, 104, 3947-3980.

a) K. Liu, Y.Lei, G. Wang, J. Chem. Phys. 2013, 139, 204306-1 -
204306-9; b) D. Rutkowska-Zbik, R. Tokarz-Sobieraj, M. Witko, J.
Chem. Theory Comput. 2007, 3, 914-920.

a) M. Kihn-Botulinski, B. Meunier, Inorg. Chem. 1988, 27, 209-210; b)
J.E. Lyons, P.E. Ellis, Jr., H.K.Myers, Jr., J. Catal. 1995, 155, 59-73; c)
J.F. Bartoli, P. Battioni, W.R. de Foor, D. Mansuy, J. Chem. Soc. Chem.
Comunn. 1994, 1, 23-24; d) A.D. Adler, F.R. Longo, F. Kampas, J. Kim,
J. Inorg. Nucl. Chem. 1970, 32, 2443-2445.

a) P.A.M. Dirac, Proceedings of the Royal Society of London. Series A
1929, 123, 714-733; b) J.C. Slater, Phys. Rev. 1951, 81, 385-390; c) S.
H.Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200-1211; d) A.
D. Becke, Phys. Rev. A 1988, 38, 3098-3100; e) J.P. Perdew, Phys.
Rev. B 1986, 33, 8822-8824; f) K. Eichkorn, O.Treutler, H. Ohm, M.
Haser, R. Ahlrichs, Chem. Phys. Lett. 1995, 240, 283-289; g) K.
Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, Theor. Chem. Acc. 1997,
97, 119-124; h) A.Schafer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994,
100, 5829-5835; i) U.C. Singh, P.A. Kollman, J. Comput. Chem. 1984,
5, 129-145; j) Turbomole V 7.1, a. d. 0. U. o. K.; Forschungszentrum
Karlsruhe GmbH, T. G. s.; available, f. w. t. c.

This article is protected by copyright. All rights reserved.



ChemSusChem

Entry for the Table of Contents (Please choose one layout)

Layout 1:

FULL PAPER

Reversed catalytic activity: Three
generations of cobalt porphyrins with

electron-withdrawing  or  electron- ; o :

donating substituents were applied as f’*f}t:,f.:—:i?ﬁ\

catalysts in oxidation of cycloalkanes ks Fed

with molecular oxygen as air under I and Il generation Il generation
mild conditions. It was shown, for the /

first time, that the Il generation of Co oromyrin /j- ¢
— 2 BPTYTN__,,

cobalt porphyrins in cycloalkanes air,120°C,10 atm 0 O/

oxidation show higher activity in

comparison to cobalt porphyrins of Ill
generation.

Layout 2:

FULL PAPER

((Insert TOC Graphic here; max. width: 11.5 cm; max. height: 2.5 cm))

Text for Table of Contents

10.1002/cssc.201802198

WILEY-VCH

K. Pamin*, E. Tabor, S. Gérecka, W.W.
Kubiak , D. Rutkowska-Zbik, J.
Pottowicz*

Page No. — Page No.

Three generations of cobalt
porphyrins as catalysts in oxidation
of cycloalkanes

Author(s), Corresponding Author(s)*

Page No. — Page No.

Title

This article is protected by copyright. All rights reserved.



