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Water-soluble manganese(IIl) as well as iron(IIl) porphyrina-
tes are introduced as light-sensitive precursor compounds for
the photocatalytic activation of dioxygen in aqueous solu-
tions. It is shown that in the presence of a-pinene (4) and
the further cycloalkenes 11—-13 photocatalytic oxygenation

reactions occur. The dependence of the selectivity of the oxy-
gen transfer to the olefin on both the presence of water and
the variation of the substrate-to-catalyst ratio is discussed.
The catalyst may be conveniently separated from the sub-
strates/products by using aqueous solvent systems.

The catalytic oxygenation of hydrocarbons with dioxygen
in the presence of metal porphyrinates has attracted con-
siderable attention in the chemical as well as biochemical
literature particularly with respect to the biomimetic mode-
ling of the function of natural monooxygenases containing
iron porphyrin complexes as prosthetic group. This path of
the direct activation of dioxygen under mild reaction con-
ditions is of additional interest because of the selectivity
and also variability of the oxygen transfer to organic sub-
strates. A number of papers deal with the catalytic oxygen-
ation of various substrates in the presence of metal porphy-
rinates. However, instead of a direct activation of O,
monooxygen donors like iodosylbenzene or peracids are
mostly used!l. Oxygenation reactions using dioxygen re-
quire additional reductants like borohyridel® or colloidal
platinum in the presence of H, or Zn/acetic acid’®. Oxo-
metal(TV) porphyrin m cation radicals of the type [(P**)
M!V=Q] are found to be the catalytically reactive interme-
diates by using iron and manganese porphyrinates, respect-
ively. The = cation radical [(P**)Fe'Y=0] is also considered
as the catalytically active species of cytochrome P-450 or
appropriate metalloenzymes in biological oxygenation
cycles, as detailed mechanistic investigations have shown™!,
However, in contrast to their natural prototypes most of
the hitherto described artificial oxygenation reactions have
been performed in organic solvents (e.g., benzonitrile, ace-
tonitrile, and dichloromethane).

Within the frame of our general investigations of photo-
catalytic systems based on light-sensitive transition-metal
complexes and organometallic compounds, respectively’™,
we were able to show very recently that the photocatalytic
activation of molecular oxygen may be considered as an
interesting alternative to the well-known catalytic thermal
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oxygenation reactions®. Here, in modeling of enzymatic
oxygen transfer reactions induced by P-450 cytochromes or
other metalloenzymes, we report on photocatalytic oxygen-
ation reactions of selected cycloalkenes (selective epoxida-
tions and hydroxylations; e.g. selective syntheses of natural
products like trans-verbenol (6) from a-pinene (4), in aque-
ous solvent systems (water/acetone mixtures) instead of us-
ing aprotic organic solutions.

Besides the avoidance of mostly toxic aprotic organic sol-
vents (usually benzene or toluene) the use of aqueous sol-
vent systems allows a convenient separation of catalyst and
product. However, aqueous solvent systems require water-
soluble metal porphyrinates and solvent mediators like ace-
tone with respect to the solubility of the organic substrates
to be oxygenated. Water-soluble metal porphyrinates are in-
soluble in both the organic substrates [here a-pinene (4) and
other cycloalkenes (11)—(14)] and acetone. This is of some
importance with regard to the continuous replacement of
photolytically destroyed catalyst by fresh metal porphyrins
without interrupting the oxygenation cycle.

Results and Discussion

Cationically and anionically substituted metal 5,10,15,20-
tetraphenylporphyrins (H,TPP) have been used as water-
soluble catalyst and catalyst precursors, respectively. Ion-
ically substituted H,TPP was obtained by introduction
of alkylammonium [H,TEAP(SO,),, 1], pyridinium (H,-
TM4PyPCl,, 2) as well as sulfonium groups (H,TPPSNa, -
2 H,0, 3) into the phenyl residues of H,TPP. The corre-
sponding water-soluble iron(III) 1a, 2a, 3a or manga-
nese(111) complexes 1b, 2b, 3b were isolated as described in
the literaturel”,
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However, besides the water solubility of the complexes
1a, 2a, 3a as well as 1b, 2b, 3b their photochemical stability
is of considerable importance with respect to large number
of catalytic cycles. As already known!®, the photochemical
stability of manganese porphyrinates is much more higher
compared with that of analogous iron complexes. We were
able to show that in aqueous solutions the porphyrin ligand
of the manganese complex 1b is very stable toward pho-
tooxidative destruction during more than 16 h of polychro-
matic irradiation under anaerobic conditions, whereas the
corresponding iron complex 1a was destroyed under the
same conditions already after 8 h (Figure 1).

Figure 1. UV/Vis spectrum of 1a before and after 90, 180, 300, and
480 min of polychromatic irradiation

Wavelength (nm)

Therefore, in consideration of the high photostability of
the porphyrin complex fragment, exclusively the manga-
nese(III) porphyrinates 1b and 2b were used. The complex
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compounds 3a and 3b have proven as to be photocatalyt-
ically inactive under the experimental conditions used. This
inactivity is due to the formation of associates in aqueous
solutions as already mentioned in the literaturel®.,

The primary photoreactions of the manganese(IIl) por-
phyrinates 1b or 2b induces upon irradiation into the spec-
tral region of the Soret bands (A™#* = 460—470 nm) redox
reactions resulting in the formation of the coordinatively
unsaturated and catalytically reactive manganese(Il) por-
phyrinates on the one hand and hydroxyl radicals (in the
case of 1b) or chlorine atoms (in the case of 2b) on the
other hand as shown by eq. (1). The primary quantum
yields (©*%¢) of these photoredox reactions (eq. 1) are in
the order of 0.5 - 1073, The manganese(II) porphyrinates
generated photochemically react stepwise with O, with for-
mation of the oxygen-transfer species [(P)Mn!Y=0] as illus-
trated by egs. (2)—(5). This intermediate contains one more
electron compared with the reactive species of P-450 en-

zymes, the corresponding m cation radical complex
[(P**)Fe'V=0].

(P)Mn''CI : (P)Mn! + CI* 1)
(P)Mo!! + O, = (P)MnO, = (P)Mn""'-0-0" (2)
(P)MnO, + (PYMn"* — (P)Mn'"—0—~0O~Mn"(P) 3)
(PMn'~0—-0-Mn"'(P) - (P)Mn™-O—Mn"O(P) )
(P)Mn'—=0—Mn O(P) — 2 [(P)Mn"V=0] (5

The [(P)MnY=0] intermediates behave as very efficient
oxygen transfer reagents which react with the concomitant
regeneration of the catalyst [((P)Mn!1]. The different path-
ways of reaction of the [(P)Mn!Y=0] intermediates with
cycloolefins are summarized in Scheme 1. Particularly a-
pinene (4) was used as substrate because the mechanisms of
thermal and other photochemical oxygenation processes are
well investigated. The course of the oxygenation of 4 known
from other oxidation systems provides an ideal basis re-
garding the mechanistic interpretation of the interaction of
the [(P)Mn!Y=0] intermediates with respect to the product
distribution obtained under the conditions of the photocat-
alytic oxygenation in aqueous solutions (see paths A, B, and
C, in Scheme 1). Furthermore, the selective epoxidation of
4 to a-pinene oxide (5) or its hydroxylation to zrans-ver-
benol (6), the pheromone of the bark beetle (ips typo-
graphicus), is still of considerable synthetic interest. In ap-
rotic organic solvents like benzene in the presence of 4 we
observed selective formation of 6 and 7. This result is con-
trary to that of thermal oxygenation reactions and indicates
the intermediate formation of the catalytically reactive spe-
cies [(P)Mn!Y=0]. Very recently, we have reported on the
formation of the corresponding [(P)Fe'V=0] species upon
photochemical excitation of appropriate iron(I1l) porphy-
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rinates and its selectivity depending on the reaction con-
ditions!®?,

Scheme 1. Photocatalytic oxygenation of alkenes in the presence of
metal porphyrinates [A: autoxidation; B: “oxygen re-
bound” mechanism; C: direct oxygen transfer; the dashed
arrow corresponds to the processes described by egs.

(2)—-3)]
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Table 1 compiles the results of the photocatalytic oxygen-
ation of 4. All experiments under discussion were per-
formed in acetone/water mixtures. A thermostated photore-
actor (50 ml, 55-W tungsten halogen immersion lamp, poly-
chromatic irradiation) was used for estimation of the selec-
tivity, product distribution, and yields, whereas a thin-film
photoreactor (500 ml) with the same irradiation equipment
was applied for preparative purposes. During the irradiation
experiments the light-sensitive complexes 1b or 2b (dis-
solved in water) and the substrates (dissolved in acetone)
were mixed with continuous stirring in the photoreactor
and aerial oxygen was bubbled through the solution during
the whole reaction time. These experimental conditions al-
low a sufficient interaction between the photochemically
generated catalyst [(P)Mn''] or [(PYMn'Y=0] with both di-
oxygen and the organic substrate. After termination of the
irradiation the organic and aqueous phases were separated
and the product analysis was performed in the organic
phase exclusively. An eventual degradation of the porphyrin
complexes was estimated in the aqueous phase by means of
UV/Vis spectroscopy. The results of these investigations led
within the limit of error of the analytical methods used to
the conclusion that the presence of substrate and product in
the aqueous phase or of porphyrin complexes in the organic
phase can be neglected. Furthermore, these results confirm
the advantageous separation of the catalyst or its decompo-
sition products from the substrates and products, respect-
ively.

As it was already shown for 1b or 2b in purely organic
solventst®), both the product yield and the selectivity of the
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Table 1. Product distribution of the photocatalytic oxygenation of a-
pinene (4) with O, in the presence of 1b, 2b, and 3b in water/acetone

mixtures
Metal compl. S/ Clal TOb]  Product ratio (mol%) Exp.

5 6 7 8 9 10
1b 10000 486103 st 15 9 3 6 6 A
b 5000 542-103 43 18 13 15 i - B
b 1000 127-103 67 13 1 4 5 - C
1blel 1000  74-103 73 8 7 5 3 4 D
b 500 71-103 78 6 5 3 5 3 E
1bl¢] 500  24-103 100 - - - - - F
1pblel 500 126-103 42 7(9)b 1401 1yb] - 1 6 G
1blf 500 317.103 100 - - - - - H
1b 100 34103 91 6 3 - 1
1bld]
1-Melm/1 5000 247-103 7 4 55 o9 4 K
1bld]
1-Melm/5 5000 191-103 24 19 37 12 5 3 L
1bld]
i-Melm/10 5900 118103 21 14 32 10 13 10 M
2b 5000 311-103 57 17 9 2 03 N
2b 1000  79-103 71 12 10 7 - - 0
2b 500 54-103 100 - - - - - P
2blel 500 101-103 33 9yblaz@bl 113)bl 2 9 Q
2plfl 500 274-103 100 - - - - - R
3b 5000 0 - - - S

[al Ratio of 4 to 1b, 2b, and 3b, respectively (constant complex con-
centration of 107> mol). — ™! Turnover: Product generated in mol
versus concentration of catalysts in mol. The factor 10° refers to the
complex concentration divided by ®. Values in brackets refer to the
E)ortions of the corresponding hydroperoxides analyzed by means of
3C-NMR spectroscopy. — [T Addition of 5 ml of a solution of 0.1 M
potassium formate as radical scavenger. — (9 Addition of 1-methylimi-
dazole in a 1:1, 1:5, and 1:10 ratio with respect to the concentration
of the porphPrrin complex. — [l Addition of 10™* mol of hydrogen
peroxide. — [fl Oxygenation under thermal reaction conditions perfor-
med with hydrogen peroxide and 1075 mol of benzoic acid.

photocatalytic oxygenation of a-pinene (4) strongly depend
on the substrate-to-catalyst ratio (S/C), even in water/ace-
tone mixtures (1:1): At a ratio of S/C = 5000 favorable
product yields (ca. 10%) were obtained when a micro-pho-
toreactor not optimized with respect to high synthetic yields
was used. The product distribution obtained under these
conditions is in agreement with the result of a typical autox-
idation reaction (see path A, Scheme 1). With a further in-
crease of the ratio S/C > 10000 no influence on the product
yields was found. However, it is noteworthy that a decrease
of the substrate concentration results in an enhancement of
the selectivity with respect to the formation of a-pinene ox-
ide 5 due to the preference of the path C (Scheme 1). In the
case of 2b the direct transfer of oxygen to the substrate was
exclusively observed by using a ratio of S/C = 500 as shown
by the selective formation of 5 (product yield ca. 11%). On
the other hand, application of 1b at the same S/C ratio led
again to an increase of the yield of 5, but besides additional
oxygenation products, like trans-verbenol (6), trans-pin-3-
en-2-ol (7), trans-pinocarveol (8), verbenone (9), and pino-
carvone (10) were generated.

The decreased selectivity observed in the photooxygen-
ation with 1b is assumed to be due to the formation of
hydroxyl radicals upon irradiation of the catalyst precursor
Mn|TEAP(SO,4),]JOH. These radicals may react indepen-
dently on the photochemically formed manganese(Il) por-
phyrinates with the substrate with formation of the corre-
sponding allylic radicals which give rise to competitive au-
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toxidation processes (see path A, Scheme 1). The hydroxyl
radicals can be trapped by the addition of appropriate rad-
ical scavengers: At low S/C ratios (ca. 500) § was formed
selectively even by use of 1b if sodium formate was added
as a scavenger. However, a decrease of the product yield
was observed in the presence of this radical scavenger. On
the other hand, addition of hydrogen peroxide in a tenfold
excess led to a product distribution comparable with that
observed when 1b was used only; however, a considerable
enhancement of the product yield (ca. 25%) was obtained.
This result further confirms involvement of an additional
hydroxyl radical-induced reaction step if 1b is used as a
light-sensitive precatalyst. Also in the case of 2b, addition
of hydrogen peroxide led to a doubling of the photocatalytic
product yield (ca. 20%), however, at the expense of a re-
duced selectivity (product distribution according to path A,
Scheme 1). The chlorine atoms generated photochemically
by using 2b were proven to be without any detectable influ-
ence on both selectivity and product yields. Products re-
sulting from reaction with chlorine atoms have not been
identified till now. However, we were able to show that
chlorine atoms generated by independent procedures exert
no influence on the selectivity of the product formation.

In contrast to organic solvent systems our preliminary
results obtained by tuning of the reactivity of the water-
soluble metal porphyrinates achieved by variation of the
neutral axial ligands show no significant effect in aqueous
solutions. Thus, the addition of 1-methylimidazole (I-
Melm) to a solution of the porphyrin complexes 1b and 2b
in a 1:1 ratio has no effect on both selectivity and turnover.
Application of higher concentrations of 1-methylimidazole
led to a slow decrease of product generation due to the
increased formation of a twofold axially coordinated com-
plex [(1-MeIm),Mn(TM4PyPCL,)]. This complex behaves
catalytically inert.

With respect to a better comparability with earlier in-
vestigations!® performed in benzene solutions all turnovers
(TO) and product yields shown in this paper are related to
an irradiation time of 8 hours. Prolonged irradiation time
of the reaction solutions (S/C = 500, in analogy to experi-
ment P) up to 36 hours led to the degradation of 2b up to
80%. The product yield of 5 obtained under these con-
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ditions amounts to nearly 40% (TO = 191 - 10%). The con-
tinuous addition of further precatalyst complex in accor-
dance with the bleaching of the metal porphyrinates esti-
mated by means of UV/Vis spectroscopy allow the product
yields to be increased up to 80%. Thus, the use of prepara-
tive photoreactors (500 ml thin-film reactors, e.g.) may
make the photoinduced catalytic oxygenation of olefins in
the presence of metal porphyrinates a synthetically interest-
ing preparative method in organic chemistry.

The product yields (expressed as turnover numbers TO)
discussed in this paper (Tables 1 and 2) are related to the
ratio of the amount of the [(P)Mn™X] complex 1b or 2b to
the quantum yield ®@. Thus, the complexes 1b and 2b are
viewed as catalyst precursors which are converted photo-
chemically with quantum yields ®*%¢ =~ 1073 into the true
catalysts [(P)Mn!Y=0] and [(P)Mn!'], respectively, as shown
by egs. (1)—(5). The TO values compiled in Tables 1 and 2
have therefore to be reduced by a factor of 1073 if the
weighing-in of the precatalyst 1b or 2b is of interest.

The most interesting result of the transfer of the de-
scribed photocatalytic reactions to aqueous solutions is
based on the fact that oxygenations of organic substrates
may conveniently be performed even under these solvent
conditions. However, at low substrate-to-catalyst ratio (S/
C = 500) selective epoxidation of 4 to a-pinene oxide 5
occured in aqueous solutions by using 2b and dioxygen,
whereas in aprotic organic solvents like benzene or toluene
a different control of selectivity was observed, leading to
allylic hydroxylation products (path B, Scheme 1) like trans-
verbenol (6) under the same experimental conditions.

o
N hv
(CHy), 2b; O, (CH,),
11: n=2 14
12: n=3 2
13: n=4 30

This result was also confirmed by the photocatalytic oxy-
genation of further 1-methylcycloalkenes for which in ap-
rotic organic solvents (S/C = 10000) the formation of dif-
ferent oxygenation products depending on their ring strain
was observed!!%. However, in aqueous solutions, using 2b,
we observed exclusively selective formation of the corre-
sponding epoxides 14, 22, and 30 in the presence of 1-
methylcyclohexene (11), -heptene (12), and -octene (13), re-
spectively, as illustrated in Scheme 2. The use of 1b as a
catalyst precursor led to the generation of small amounts
of ketones or allylic alcohols in the photocatalytic oxygen-
ation of 11 and 12 (Table 2).

The product distribution obtained by use of 1b confirms
the tendency that the amount of epoxides formed photocat-
alytically increases with increasing ring size of the cycloal-
kenes and growing ring strain. The product yields obtained
with 1b are comparable with that observed in benzene solu-
tions, whereas the selectivity of the oxygenation of 11 and
12 is somewhat decreased.
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Table 2. Distribution of the products obtained by photocatalytic oxygenation of 1-methylcycloalkenes 11, 12, 13 by using the water-soluble
metal porphyrinate 1b in water/acetone mixtures in the presence of dioxygen

Substratel2] TOlb] Product ratio (mol%)[¢]
HO o HO o
(CH,), (CH,), !C/Hh (‘gjl (CHZ), (GHy)x (CHa), (CHy), (CHy),
OH o
11 14 15 16 17 18 19 20 21
12 22 23 24 25 26 27 28 29
13 30 31 32 33 34 35 36 37
1-Methylcyclohexene (11) 1224-103 21 19 13 24 11 6 4 2
(n = 2; experiment T)
1-Methylcycloheptene (12) 887-103 64 6 12 4 - 6 3 5

(n = 3; experiment U)
1-Methylcyclooctene (13)
(n =4, experiment V)

41:103 100

12} Concentration of the complex: 10~5 mol; substrate-to-catalyst ratio: 5000. — [®! Turnover: ¢, oguct/Ceatatys: (the factor 10° refers to the ratio of
Ceomplex/@). — 1€ The analysis of the products obtained was performed by means of quantitative capillary gas chromatography (Hewlett-Packard

5890 II); n-decane was used as internal standard.

The photocatalytic activation of dioxygen in aqueous
solutions furnishes at low S/C ratios epoxides with high se-
lectivity, due to the “direct oxygen transfer” illustrated in
Scheme 1 (path C). Parallel reactions observed at higher
S/C ratios apply to the generation of allylic alcohols due to
the “oxygen rebound” within the radical cage (path B) and/
or to the formation of typical autoxidation products (path
A) caused by the escape of allylic radicals from the cage,
subsequently reacting directly with O,.

Summarizing the results of our investigations, we can
state that photocatalytic oxygenation reactions of alkenes
may be performed advantageously even in aqueous solvent
systems. The main advantage of such solvent conditions
consists besides the avoidance of using toxic organic sol-
vents particularly in the easy and nearly complete recovery
of the catalysts which can mostly be achieved under homo-
Iytic reaction conditions only with difficulty. Furthermore,
the use of aqueous solvents leads in comparison with ap-
rotic organic solvent systems to a change in the control of
selectivity. Thus, we were able to show the preferential gen-
eration of epoxides in aqueous solutions due to the direct
oxygen transfer to the appropriate alkenes. The preferred
epoxidation of cyclic alkenes by use of porphyrin ligands
supported by n-electron-deficient substituents (here: 2b),
well-known to occur under thermal reaction conditions,
was also observed for the photocatalytic processes.

Furthermore, we were able to show that the introduction
of chiral groups allows an enrichment of enantiomers even
in aqueous solutions. The results of these investigations will
be discussed in a forthcoming paper.

This work was supported by the “Deutsche Forschungsgemein-
schaft”. J.B. is much obliged to the “Konrad-Adenauer-Stiftung” for
the support of a grant.
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Experimental

Synthesis and Photochemistry of the Metal Porphyrinates: The
water-soluble porphyrin ligands and their metal complexes were
synthesized according to literature procedures!”). — The primary
quantum yields referring to the decrease of the concentration of the
appropriate metal porphyrinates were estimated in acetone/water
mixtures (50/50) by means of ferrioxalate actinometry'!, Under
anaerobic conditions the irradiation was performed at the following
wavelengths: 1b: 466 nm, 2b: 460 nm, and 3b: 469 nm. — The UV/
Vis spectra were recorded with a Varian Cary 3 spectrometer.

Substrates: a-Pinene (4) (98%, Aldrich), and 1-methylcyclohex-
ene (11) (96%, Aldrich) were passed through a column filled with
neutral ALO; before use to remove oxygenated impurities. 1-
Methylcycloheptene (12) and 1-methylcyclooctene (13) were syn-
thesized from the corresponding cycloalkanones by standard pro-
cedures.

Photocatalytic Oxygenation of the Cycloalkenes: A solution of
40 ml of the cycloalkene (4, 11, 12, 13) and the manganese(III)
porphyrinate 1b or 2b in acetone/water (50:50) was irradiated with
vigorous stirring with a 55-W tungsten halogen immersion lamp in
a thermostated 50-ml photoreactor. A stream of air (51h™!) was
passed through the solution at 40°C during 8 h. The solutions con-
tained 1073 mol of 1b or 2b, and the corresponding cycloalkene
and additives (e.g. axial ligands, radical scavenger, and hydroper-
oxide) (Tables 1 and 2). The following concentrations conditions
were, for example, used in experiment A: S/C = 10000, 1b = 1073
mol, 4 = 0.1 mol (13.6 g). The details of the experiments B—V are
summarized in Tables 1 and 2. — After termination of the photoly-
sis acetone was removed by vacuum distillation. The remaining two
phases were separated by standard methods. The water-insoluble
oxygenation products remained in the organic phase together with
unchanged substrate. The amount of oxygenation products in the
aqueous phase was estimated to be lower than 0.1%. — A 500-ml
Normag thin-film photoreactor was used for preparative purposes
particularly with respect to the selective epoxidation of 4 to a-pi-
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nene oxide (5). The experimental conditions were the same as used
in the case of the micro-photoreactor. 10~ mol of 2b was dissolved
in 150 ml of distilled water and the solution was thoroughly mixed
with a solution of 0.5 mol of 4 in 250 ml of acetone. The photo-
chemical decomposition of 2b was controlled by means of UV/Vis
spectroscopy and the portion of decomposed 2b was replaeced by
the addition of a new complex. After an irradiation time of 36 h the
organic phase containing both a-pinene oxide (5) and uncomsumed
substrate 4 was separated by standard distillation procedures and
78% of 5 was obtained.

Analysis of the Oxygenation Products: Analysis was performed
by quantitative 13C-NMR spectroscopy and computer analysis of
the results obtained and quantitative capillary GC. 13C-NMR spec-
tra of the samples containing chromium(III) acetylacetonate were
recorded with a Varian Unity 400 spectrometer as described re-
cently!®l. Samples were analyzed in parallel by capillary GC (Hew-
lett-Packard 5890 II) by using n-decane as internal standard.
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