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Abstract: The catalytic activities of aryl-chlorinated iron tetraarylporphyrins with and without chloro substituents at
the B-pyrrole positions— third and second generation catalysts, respectively— were compared for the hydroxylation of
cthylbenzene and cyclohexane by iodosylbenzene. The results reveal that despite the somewhat larger stability of the
former complexes to the oxidative reaction conditions, they are less efficient catalysts than the corresponding
unsubstituted complexes, which catalyze the transformation of the alkanes into their oxygenated products with almost
80% yield at more than 10% conversion. It is proposed that for the third generation catalyst the extremely short life
time of the most po[cn( intermediate is responsible for the relatively low efficiency in catalysis. © 1998 Published by
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We have recently reported the iron(IIl) porphyrin catalyzed hydroxylation of ethylbenzene by ozone at low
temperatures,!- 2 by both so-called second generation (ortho-pheny! substituted tetraphenylporphyrins) and third
generation catalysts (achieved by B-pyrrole halogenation of the former complexes).3: 4 Surprisingly, we have not
found any beneficial effect of B-pyirole halogenation of the porphyrins on the efficiency of the process. The

lex 2 was not a better catalyst than derivative 1, and while up to 120 tumovers were obtained

Sch 1. The i hvri ntioned in the text Table 1. Oxidation of ethylbenzene by icdosylbenzene,
cheme 1. The iron porphyrins mentioned in Xt Catalyzed by 3, 4, and 5.2
y Ar . 1: Ar = mesityl, X = H Catalyst/Solvent AlcoholP KetoneP conversion® yieldd
Vo 4 « 2 Ar=mesityl, X = Br 3/CH,Clp 361 92 5.3 27.3
A Y : = A=
N Cl N 4/CH2Cl2 637 158 9.6 47.7
__<\ N\ './ _‘\7__ 3: Ar = 2,6-dichlorophenyl, B/ A A P —_— A Ac A
Ar Fe Ar X =H Srenguiz 391 78 5.0 25.4
VA
N NN 4: Ar = pentachlorophenyl, 3/benzene 703 324 11.3 67.6
X=H
X XN X 4/benzene 799 375 129 775
¥ | X 5: Ar = 2,6-dichlorophenyl,
X A -q 5/benzene 439 145 6.1 865
4().18-0.20 M catalyst, 8300-8500 equivalents ethyibenzene,
nd 2000 cquivalents iodosylbenzene. P alcohol = sec-phenethy!

alcohol, ketone = acetophenone, in mol product/mol catalyst. €

% of products, relative to ethylbenzene. d relative to
iodosyibenzene, taking into account that 2 equivalents of
iodosylbenzene are required for the formation of acetophenone.
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catalysts for the hydroxylation of ethylbenzene and the less reactive cyclohexane. An additional important
research goal was the development of reaction conditions for high catalytic turnovers at significant conversion of
the hydrocarbons into their oxygenated products, in contrast to most reports which were limited to 20 - 100
catalytic turnovers and sub-percentage of conversions.3-6 Also, most commonly the yields are only reported in
terms of products vs. consumed oxidant. The results of the current investigation were obtained by addition of

2000 equivalents of iodosylbenzene to solutions which contained 0.2 mM catalyst and about 8500 equivalents of

substrate. Also present in the solutions were 50 equivalents of nitrobenzene as an internal standard, which
J TS PR U S, P T P PO niamat At tha ranntiAanma AT SO AT . PR -

aliowed the determination of the absoluie efficiency of the reactions (% conversion), in addition to the yieids

a
relative to the oxidant. Accordingly, the reactions are driven toward maximal values of 23% conversion and 2000
catalytic turnovers.
The results for hydroxylation of ethylbenzene by iodosylbenzene in two solvents (CHpCl, and benzene, Table
1 and Figure 1) disclose several significant phenomena: a) The initial slopes are larger in CHCly, i.e. the
reactions are faster therein. b) The plateau is reached earlier in CH2Clp, which indicates that the lifetimes of the
catalysts are larger in benzene. ¢) The final product yields are higher in benzene than in CH,Cly, clear evidence

efficient catalyst was the third generation complex S. For example, the chemical yields relative to ethylbenzene
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(yields relative to the oxidant are given in tne parentneses) in the reaclions perioimed in oenzene weie 12.5(76),
1

11.3 (68), and 6.1 (36) % with catalysts 4, 3, and 5, respectively. e) At the end of the reactions the catalyst
were almost completely bleached (UV-vis), including the more robust 5. The seemingly relative long lifetime of 5
(best seen in Fig. 1b) is misleading, since at identical times less iodosylbenzene was consumed by this catalyst.
For example, 15 min after initiation of the reactions performed in benzene, 18.5, 25, and 11.7% of iodobenzene

were formed with catalysts 3, 4, and 5, respectively.

Figure 1. Time dependent formation of sec-phenethyl alcohol in the 3 - 5 catalyzed reaction of ethylbenzene with iodosylbenzene.
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The beneficial effect of aromatic vs. chlorinated solvents was already appreciated in our earlier studies,
including with chiral metalloporphyrins.” The reduced yields in CH2Cly may be attributed to two effects;

participation of CH2Cly as an oxidizeable substrate and the formation of chlorine radicals, which destroy the
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catalysts. The faster rates in CH,Cl, probably have no mechanistic significance, as the rate limiting step is the
formation of an active iron porphyrin intermediate, which in turn is governed by the low solubility of
iodosylbenzene in the solvents. But, the relatively poor results with 5 as catalyst are very surprising in the context
of the attempts to improve the efficiency of metalloporphyrin catalyzed hydroxylation of alkanes. Accordingly,

oxidation of the less reactive cyclohexane was also investigated.

The results for the 3 - 5 catalyzed oxidation of cyclohexane are provided in Table 2, and Figure 2 shows the
comparison between 3 and S. Again, the beneficial effect of benzene vs. CH,Cl; as solvent is quite pronounced,
and the effectiveness of the ca{a}ysts in terms of final chemical yields increases in the order of 5 <3 < 4,

Falh M ~ -

enzene is quantitatively transformed
into 1odobenzene, with 73% selectivity toward formation of cyclohexanol and cyclohexanone. At the same time
and identical reaction conditions with 5 as catalyst, 56% of iodobenzene is formed with only 63% selectivity.
Table 2. Oxidation of cyclohexane by
iodosylbenzene, catalyzed by 3, 4, and 5.2

Figure 2. Time dependent formation of

iodobenzene (0), cyclohexanol (¢), and Catalyst/Solvent AlcoholP KetoneP conversion® vieldd
cyclohexanone (4) in the 3 (full lines) and 5
(broken lines) catalyzed reaction of cyclohexane 3/CH,Cl 282 29 3.6 17.0
with iodosylbenzene in benzene. 4ICH,Cl; 540 77 6.9 34.7
1500 3/benzene 874 249 11.6 68.6
O—0—0—0 o o o o o
o 4/benzene 395 253 13.9 70.0
I 3/benzene¢ 740 140 3.6 72.9
1600 LR
— / o) S/benzene® 637 79 2.8 56.8
number ' 20.19-0.22 M catalyst, 8500-9000 equivalents cyclohexane, and
7 . O‘ - 2000 equivalents iodosylbenzene. £ aicohol = cyciohexanol,
500 - O~ ketone = cyclohexanone, in mol product/mol catalyst. ¢ % of
e products, relative to cyclohexane. 9 relative to iodosylbenzene,
/&' o o taking into account that 2 equivalents of iodosylbenzene are
A A reguired for the formation of cvclchexanone. € 0.08 M catalyst
-y gupeps. SUSEA required for the formation of cyclohexanone. © 0.08 M catalyst,
0 -¢ = *\_—A—'A T T 24,500 equivalents cyclohexane, and 1400 equivalents
0 50 100 150 200 iodosylbenzene.
time (min)

From these results we may conclude that the third generation complex 5 is a significantly poorer cataiyst than
the second generation complexes 3 and 4, both in terms of total turnover numbers and in turnover/time. Several
reasons for this quite unexpected result may come to mind. It is well known that the porphyrin ring in the heavily
substituted third generation catalysts is highly distorted, an important factor affecting their steric and electronic
features.8 Also, several lines of evidence are indicative of a significant change in reaction mechanism between
first and second generation catalysts under certain conditions.® The simple substrates employed in this study

ketone ratio obtained with all three catalysts
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catalysts in terms of catalytic stability, reactivity, and selectivity is most probably only artificial. Our resuits were
obtained at conditions which lead to much higher turnovers (> 1000) and conversions (> 10%) than most other

investigations, which were limited to less than 100 turnovers and sub percentage conversions.3-6 If we examine
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our resuits at short reaction times, a seemingly superior seiectivity of 5 over 3 and 4 is indeed apparent. For
example, in the reaction of ethylbenzene with iodosylbenzene in benzene, the alcohol/ketone ratio after 1S min is
5.4, 4.2, and 3.3 for catalysts 5, 4, and 3, respectively. These numbers are however misleading, since the 5
catalyzed reaction proceeds only to about half the extent of those catalyzed by 3 and 4 (see Figure 1). Similarly,
at the end of the reactions the product ratios are lower with all catalysts, with practically identical numbers in the 3
and 4 catalyzed reactions (2.16 and 2.13, respectively), and an alcohol/ketone ratio of 3.03 in the reaction
catalyzed by S. But, the last reaction proceeds to approximately half the extent of the two other (see Table 1).

e 1 nificant conversi imple u ivated alkanes into their oxveenated nroducts there
We conclude that for sienif tco on of si le unact d alk to th ted ucts th

v I tor significant conversion Of simple unactivated alkanes 1nto their oxygenated products there
ie i ranl aduantaca in ncing tha mieh lace arraccihla third ganaratinn iran narmhorine 1o cnlyant rhaomon
IS 10 réa: aavaniage in using tne mucn 1ess accessiore nirg generation iron l)unyuyuua A :suup € Soivent cnange

from the most commonly used CH2Cly to benzene is much more beneficial. This situation is very different from
that of the analogous manganese complexes, for which the third generation porphyrins are clearly superior.3:10
This contrariety is most probably related to the differences in the structure of their most reactive intermediates,
oxoiron(IV) porphyrin radical vs. oxomanganese(V) porphyrin. As for iron, but not for the manganese
complexes, the porphyrin has to be oxidized during catalysis, excessive substitution by electron withdrawing
groups on the porphyrin periphery eventually prohibits the formation of the key intermediate.!! Accordingly, we
propose that the increased difficulty in obtaining the oxoiron(IV) porphyrin radical intermediate of 5 is

responsible for the low turnover/time, and that the exceedingly large reactivity of that intermediate leads to non
ﬂfl\{"‘lf'f]“ln f\’lfl’\‘llﬂ‘l(‘ \llhi(‘h aAre rncnnnu“-\ln Nnr tha I‘D]ﬂf“]ﬂl\l lh\ll nim ar {\{" "f\f’]l mirmnnvarce

PIUUU\/LIVU l_ruunvvu O VY IRiwdl i lhbl.l\.’lldlul\/ IV uIv aviau VVIJ AUV YY JIUIIVALL UL LULdl LUV YLl o,
Acknowledgments

This research was supported by "The Israel Science Foundation” administered by "The Israel Academy of

s TR SR o, PO AT Qiennlol marsnle I AL 4 1QO"T 117 A7
L. L UlUbb and L. SIMKNOvICN, J. Mol Cdl. Ax7x 71,11/, L9
3. For recent reviews, see: (a) Mansuy, D. Coord. Chem. Rev. 1993, 125, 129. (b) Meunier, B. in Metailoporphyrins Catalyzed

Oxidations, Montanari, F.; Casella, L. Eds., Kluwer Academic Publishers, Dordrecht: 1994, chapter 1.

4. For a most recent paper, see: Porhiel, E.; Bondon, A.; Leroy, I. Tetrahedron Lezt. 1998, 39, 4829..

5. Groves, J. T.; Nemo, T. E. J. Am. Chem. Soc. 1983, 105, 6243.

6.  Bartoli, J. F.; Brigaud, O.; Battioni, P.; Mansuy, D. J. Chem. Soc., Chem. Commun. 1991, 440.

7. Gross, Z.; Ini, 8. J. Org. Chem. 1997, 62, 5514.

8. (a) Grinstaff, M. W_; Hill, M. G.; Birnbaum, E. R.; Schaefer, W. P.; Labinger, J. A.; Gray, H. B. Inorg. Chem. 1995, 34,
4896, (b) Mandon, D.; Ochsenbein, P.; Fischer, I.; Weiss, R.; Jayaraj, K.; Austin, R. N,; Gold, A.; White, P. S.; Brigaud,
O.; Battioni, P.; Mansuy, D. Inorg. Chem. 1992, 31, 2044

9. Grinstaff, M. W_; Hill, M. G.; Labinger, J. A.; Gray, H. B. Science 1994, 264, 1311.

10. Carrier, M. N.; Scheer, C.; Gouvine, P.; Bartoli, J. F.; Battioni, P.; Mansuy, D. Tetrahedron Leu. 1990, 37, 6645.
Campestrini, S.; Robert, A.; Meunier, B. J. Org. Chem. 1991, 56, 3725.

11. For the succesful characterization of such intermediates for 3 and similar complexes, but not for 2 or §, see: Fujii, H. J.
Am.Chem. Soc. 1993, /15, 4641. Murakami, T.. Yamaguchi, K.; Watanabe, Y.; Morishima, 1. Bull. Chem. Soc. Jpn.
1998, 7/, 1343, Ochsenbein, P.; Mandon, D.; Fischer, J.; Weiss, R.; Austin, R.; Jayaraj, K.; Gold, A_; Terner, J; Bill, E.;

Miither, M.; Trautwein, A. X. Angew. Chem., Int. Ed. Engl. 1993, 32, 1437.



