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react with acrolein. As expected for the series of reactions
shown in eq 22, the product ion was m/z 68, corresponding
to the incorporation of a deuterium atom. If the product
had been I, no deuterium incorporation would be expected.

Other «,8-unsaturated carbonyl compounds react
analogously. Addition to methyl vinyl ketone results in
loss of acetaldehyde and again the formation of pyrazole
anion (eq 24) while crotonaldehyde forms a small amount
of methylpyrazole anion with loss of formaldehyde (eq 25).

HCNQ + CHQCHCOCHE' - CaH3N2— + CH3CHO (24)

Similarly, methacrolein forms methylpyrazole anion and
tiglic aldehyde (¢rans-2-methyl-2-butenal) forms a small
amount of dimethylpyrazole anion with loss of form-
aldehyde. For these carbonyl compounds, proton ab-
straction and addition with loss of N, are important, often
major, channels. On the other hand, mesityl oxide ((C-
H,),CCHCOCH;) fails to react with the diazomethyl anion,
either because the presence of the two S-methyl groups
blocks Michael addition or because there is no acidic
proton to abstract from the cyclization product.

As a neutral reagent diazomethane undergoes few gas-
phase ionic reactions other than proton abstraction. We
did find, however, that it accepts a hydride ion from
HNO"?* In theory, addition could occur at either carbon
(eq 26a) or at nitrogen (eq 26b). Attack on carbon would

CHz—N=N" + NO (26a)
+ = -
CHz==N=N + HNO

CHz==N—NH" + NO (26b)

form an azomethyl anion, which might be expected to lose
nitrogen easily;?® the product ion formed is quite stable
and unreactive and is best formulated as the anion from
formaldehyde hydrazone (eq 26b). This is in accord with
the usual site of reaction of diazo compounds with reducing
agents in solution.!

In summary, we have found that the diazomethyl anion
reacts in interesting ways with a number of reagents in the
gas phase. An initially exothermic addition reaction can
deposit sufficient energy into the product ion to induce
loss of nitrogen to form a carbene, which in turn may
rearrange, fragment further, or react with a neutral reagent.
Michael adducts are also found to cyclize and eliminate
aldehydes to form pyrazole anions as well as to lose ni-
trogen. Diazomethane itself undergoes a proton transfer
reaction with most ionic reagents but can be reduced by
an appropriate hydride donor.
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(26) The dissociation of CH3N,™ to methide ion and molecular nitrogen
is expected to be exothermic as long as the hydride affinity of CH,N, to
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molecules, this upper limit appears reasonable.
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The use of stable Mn(III) porphyrins (P), e.g. 2-4, and of imidazole or pyridine axial ligands (L), 8-10, entirely
soluble in the organic phase has allowed an extensive investigation of the factors ruling the catalytic activity
of porphyrins in the olefin epoxidation carried out at 0 °C under two-phase conditions with ClO™ and/or HOCl
as oxidants. We have determined (i) the influence of the pH of the aqueous phase and of the phase-transfer
catalyst on the reaction rate and on the Mn(III) porphyrins stability; (ii) the best ligand/porphyrin ratio (L/P)
necessary to obtain the fastest conversion of cyclooctene (more reactive substrate) and 1-dodecene (less reactive
substrate) to the corresponding epoxides; (iii) the oxidative demolition of the axial ligands 8-10; (iv) the activity
of N-oxides 11 and 12 as axial ligands; (v) the possibility to epoxidize reactive olefins with HOCI in the absence
of the phase-transfer catalyst and of the axial ligand, buffering the pH of aqueous NaOCl at 10.5. The association
constants (K, K,) of imidazole with Mn(III) porphyrins 1 and 2 and of N-hexylimidazole (8) with 2 have also
been evaluated in order to rationalize the effect of ligand/porphyrin ratio on the reaction rate.

Mn(III) tetraarylporphyrins have been used by Tabu-
shi,! Meunier,? Collman,? and others*® as catalysts in olefin

(1) Tabushi, I.; Koga, N. Tetrahedron Lett. 1979, 20, 3681.

(2) (a) Guilmet, E.; Meunier, B. Tetrahedron Lett. 1980, 21, 4449. (b)
FP 8123665, 1981. (c) Nouv. J. Chim. 1982, 6, 511, (d) Tetrahedron Lett.
1982, 23, 2449. (e) Meunier, B.; Guilmet, E.; De Carvalho, M. E,; Poil-
blanc, R. J. Am. Chem. Soc. 1984, 106, 6668. (f) Bortolini, O.; Meunier,
B. J. Chem. Soc., Perkin Trans. 2 1984, 1967. (g) De Poorter, B.; Meu-
nier, B. Tetrahedron Lett. 1984, 25, 1895. (h) Bortolini, O.; Momenteau,
M.; Meunier, B. Tetrahedron Lett. 1984, 25, 5773. (i) De Carvalho, M.
E.; Meunier, B. Nouv. J. Chim. 1986, 10, 223. (1) Meunier, B.; De Car-
valho, M. E.; Robert, A. J. Mol. Cat. 1987, 41, 185.

epoxidation promoted by NaOCl under phase-transfer
conditions.® Reaction rates are greatly enhanced when

(3) (a) Collman, J. P.; Kodadek, T.; Raybuck, S. A.; Meunier, B. Proc.
Natl. Acad. Sci. U.S.A. 1983, 80, 7039, (b) Collman, J. P.; Brauman, J.
L; Meunier, B.; Raybuck, S. A.; Kodadek, T. Ibid. 1984, 81, 3245. (c)
Collman, J. P.; Brauman, J. I.; Meunier, B.; Hayashi, T.; Kodadeck, T.;
Raybuck, S. A. J. Am. Chem. Soc. 1985, 107, 2000. (d) Collman, J. P.;
Kodadek, T.; Raybuck, S. A.; Brauman, J. I; Papazian, L. M. Tbid. 1985,
107, 4343. (e) Collman, J. P.; Kodadek, T.; Brauman, J. I. Ibid. 1986, 108,
2588.
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heterocyclic bases, usually imidazoles or pyridines, act as
axial ligands on the complexed metal. > Fe(IIl)tetraaryl
porphyrins have also been used as catalysts under these
same conditions, but their efficiency is generally lower.®
Most metalloporphyrins are rapidly bleached by oxidative
degradation either with NaOCI!® or with other oxidants.57
Recently we studied® the relative stability of a series of
Mn(III) porphyrins in the oxidations carried out with
NaOCl: some porphyrins were demolished, but others were
perfectly stable under the reaction conditions. Therefore
we are now in the position of finally being able to clarify
the factors ruling the catalytic activity of metallo-
porphyrins and to define the conditions for using these
highly efficient catalysts in large-scale syntheses. Indeed,
none of the porphyrin-catalyzed oxidations reported so far
are really suitable for practical application or even to
scale-up reactions.?

In this paper we report an extensive investigation on
HOCI-promoted olefin epoxidations, particularly on (i) the
influence of the pH of the aqueous phase, of the phase-
transfer catalyst, and of the ligand /porphyrin ratio on the
epoxidation rate and porphyrin stability and (ii) the ef-

ficiency on the axial ligand as a function of its structure

and chemical stability.

Results

Cyclooctene and 1-dodecene were used as model sub-
strates. The epoxidations were carried out with 0.35 M
NaOCl at 0 °C under CH,Cl,/H,0 two-phase conditions
by using molar ratios Mn(III) porphyrin:olefin:oxidant =
1:200:700, and axial ligand and quaternary onium salt
ranging from 0 to 25 and 0 to 5 molar equiv, respectively.
Mn(III) porphyrins 1-7 were used as catalysts, although
most of the experiments were performed with Mn-
(T2,6CL,PP)ClL 2. Porphyrins 2-4 proved to be very stable

(4) (a) Van der Made, A. W.; Smeets, J. W. H.; Nolte, R. J. M.; Drenth,
W. J. Chem. Soc., Chem. Commun. 1983, 1204. (b) Razenberg, J. A. S.
J.; Nolte, R. J. M.; Drenth, W. Tetrahedron Lett. 1984, 25, 789. (c) Nolte,
R. J. M,; Razenberg, J. A. S. J.; Schuurman, R. J. Am. Chem. Soc. 1986,
108, 2751. (d) Razenberg, J. A. S. J,; Nolte, R. J. M,; Drenth, W. J. Chem.
Soc., Chem. Commun. 1986, 277. (e) Van der Made, A, W.; Van Gerwen,
M. J. P.; Drenth, W.; Nolte, R. J. M. Ibid. 1987, 888. Razenberg, J. A.
S. J.; Schuurman, R. J. Am. Chem. Soc. 1986, 108, 275. (f) Takagi, S.;
Miyamoto, T. K.; Sasaki, Y. Bull. Chem. Soc. Jpn. 1986, 59, 2371. (g)
Miyamoto, T. K.; Amatsu, H.; Takahashi, E.; Sasaki, Y. Proc. XII Int.
Symp. Macrocyclic Chem., Hiroshima 1987, 22P-10. (h) Miyamoto, T.
K.; Takagi, S.; Hasegawa, T.; Tsuzuki, S.; Takahashi, E.; Okuda, K;
Banno, L; Sasaki, Y. Bull. Chem. Soc. Jpn. 1987, 60, 1649. (i) Suslick,
K. S.; Cook, B. R. J. Chem. Soc., Chem. Commun. 1987, 200.

(5) (a) Montanari, F.; Penso, M.; Quici, S.; Vigand, P. J. Org. Chem.
1985, 50, 4888. (b) Banfi, S.; Montanari, F.; Penso, M.; Sosnovskikh, V.;
Vigand, P. Gazz. Chim. Ital. 1987, 117, 689. (c) Banfi, S.; Montanari, F,;
Quici, S. J. Org. Chem. 1988, 53, 2863.

(6) For recent reviews, see: (a) Meunier, B. Bull, Soc. Chim. Fr. 1986,
578. (b) Cytochrome P-450, Structure, Mechanism and Biochemistry;
Ortiz de Montellano, P. R., Ed.; Plenum Press: New York, 1986. (c)
Tabushi, I. Coord. Chem. Rev. 1988, 86, 1. Meunier, B. Gazz. Chim. Ital.
1988, 118, 485.

(7) (a) Chang, C. K.; Kuo, M. 8. J. Am. Chem. Soc. 1979, 101, 3413.
(b) Shannon, P.; Bruice, T. C. Ibid. 1981, 103, 4580. (c) Chang, C. K.;
Ebina, F. J. Chem. Soc., Chem. Commun. 1981, 778. (d) Smith, J. R. L.;
Sleech, P. R. J. Chem. Soc., Perkin Trans. 2 1982, 1900. (e) Traylor, P.
S.; Dolphin, D.; Traylor, T. G. J. Chem. Soc., Chem. Commun. 1984, 279.
(f) Renaud, J. P.; Battioni, P.; Bartoli, J. F.; Mansuy, D. Ibid. 1985, 888.
(g) Mansuy, D.; Devocelle, L.; Artaud, L.; Battioni, J. P. Nouv. J. Chim.
1985, 9, 711. (h) Traylor, T. G.; Marsters, J. C.; Nakano, T.; Dunlap, B.
E. J. Am. Chem. Soc. 1985, 107, 5537.

(8) Olefin epoxidation and alkene hydroxylations catalyzed by me-
tallotetraarylporphyrins, which mimic the oxygenations promoted by
cytochrome P-450, have been carried out with a variety of oxidants; from
among them alkali hypochlorites,® hydrogen peroxide,”®? potassium
hydrogen persulfate (oxone),'® and molecular oxygen®« are potentially
suitable for large-scale application.

(9) Mansuy, D. Pure Appl. Chem. 1987, 59, 759.

(10) (a) De Poorter, B.; Meunier, B. Nouv. J. Chim. 1985, 9, 393. (b)
J. Chem. Soc., Perkin Trans. 2 1985, 1735.
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Table I. Molarity of HOCI in the CH,Cl, Solution?®

pH HOCIL, M x 10* pH HOCL M x 10*
9.5° 1.2 11.0% 0.28

10.0 0.5 127 0.008
10.5 0.35

@ After equilibration at 0 °C with 0.35 M aqueous NaOCl under
the reaction conditions, but in the absence of substrate and of
prophyrin, ®Buffered with Na,B,0,.

under the reaction conditions. The synthesis of porphyrins
3-5 was recently reported.’

Ligands 8-10 were chosen because, differently from most
of imidazoles and pyridines used until now,'™ they entirely
remain in the organic phase, where the reaction occurs.

X Y yA

1 Mn(TPP)Cl H H H

2 Mn(T2,6CL,PP)Cl Cl H H

3 Mn(TCl;Me,PP)Cl Cl Cl Me

4 Mn(TBr;Me,PP)C1 Br Br Me

5 Mn(T3,5CL,PP)Cl H H Cl

6 Mn(TFsPP)Cl F F F

7 Mn(TMP)Cl Me Me H

clcH,), cleH,),
—N Ph X Ph
0 o o 0

N N N N
(|:.H1—n é é
8 9 10 1" 12

Influence of pH of the Aqueous Phase and of
Phase-Transfer (PT) Catalyst. As we previously re-
ported,® epoxidation rates progressively increase by low-
ering the pH of the aqueous NaOCl solution from 12.7 to
9.5; below this value the concomitant olefin chlorination
becomes unacceptably high.

HOCl is a very weak acid (pK, = 7.54), its anion and the
undissociated species coexisting in a wide range of pH.
Since it is fairly soluble in polar organic solvents, it is
partitioned between the aqueous phase and CH,Cl,.1t
Molarities of HOCI in CH,Cl, at 0 °C, the reaction tem-
perature, increase by decreasing the pH (Table I). The
amount of HOCI in the organic phase becomes significant
below pH 11.0, making the presence of a PT catalyst un-
necessary, as previously observed for reactions carried out
at 25 °C.5%2 Under these conditions, HOCI is the only
oxidant in the reaction medium.

When the pH of the aqueous NaOCl solution is lowered
to 9.5 by the addition of 10% aqueous HCI, the ep-

(11) Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed.;
John Wiley and Sons: New York, 1979; Vol. 5, pp 585-611; Ullmann’s
Encyclopedia of Industrial Chemistry; VCH: Weinheim, 1986; Vol. A8,
pp 486-487.
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Table II. Stability of Mn Porphyrins in the Epoxidation of Cyclooctene?

entry porphyrin pH L/P QX % residual Mn porphyrin,® % (min)
1 1 9.5¢ 25 5 24 (5), 9 (10)
2 25 1.2 89 (5), 36 (10), 25 (20)
3 10.5 1 0 57 (10), 40 (20), 28 (40)
4 2¢ 9.5¢ 25 5 100 (120)
5 10.5 1 0 100 (120)
6 0 0 100 (180)
7 5 9.5¢ 25 5 0 (15)
8 10.5 25 0 74 (15)
9 1 0 70 (60), 0 (300) (conv 52%)
10 6 9.5¢ 25 5 41 (5), 16 (10)
11 25 1.2 73 (5), 47 (10)
12 10.5 25 0 47 (10)
13 1 0 73 (10), 64 (20), 51 (40)
14 0 0 70 (300), 40 (420)
15 7 9.5¢ 25 5 91 (10), 62 (30), 56 (45)
16 10.5 25 0 80 (20)
17 1 0 100 (40), 100 (60)
18 0 0 100 (120)

a0 °C, L = N-hexylimidazole. ®Measured after complete conversion of cyclooctene; reaction times are indicated in parentheses. ¢Initial
value; nonbuffered solution. ¢Identical behavior for Mn porphyrins 3 and 4.

o T T T T T T T v
0 10 20 20 %0 50 60 70 80
t {min)

Figure 1. Influence of pH and of phase-transfer catalyst (Q*X")
on the epoxidation of ¢yclooctene catalyzed by Mn(T2,6CL,PP)Cl
(2) and N-hexylimidazole (8) at 0 °C: pH 9.5 (4, A); pH 10.5 (O,
®); pH 9.5, not buffered (O, W); presence (full symbols), absence
(empty symbols) of Q*X"~. Reagents molar ratio 2:0lefin:8:NaOCl
(0.35 M):Q*X" = 1:200:25:700:0-10.

oxidation rate is still high at 0 °C and the selectivity good
(290%), but, as previously observed,? the pH increases
to about 11.0 in the course of the reaction; this is most
likely related to the chlorination reaction which drives
equilibrium (1) toward the right. As a consequence,

Cl10~ + CI" + H,0 = Cl, + 20H- (1)

trans-1,2-dichlorocyclooctane is the only side product in
the epoxidation of cyclooctene® and is almost exclusively
formed in the early stages of the reaction.

When the pH of the aqueous phase is maintained at 9.5
during the reaction, the epoxidation rate is enhanced
(Figure 1), but the amount of chlorinated product becomes
even more relevant, lowering the epoxide selectivity to
65%. On buffering the pH at 10.5, the epoxide selectivity

Conv (%)

100 +

“41f

0 T T T T T
o 5 10 15 20 25
t(min)

Figure 2. Influence of pH and of phase-transfer catalyst (Q*X")
on the epoxidation of 1-dodecene catalyzed by Mn(T2,6Cl,PP)Cl
(2) and N-hexylimidazole (8) at 0 °C: pH 9.5 (0, ®); pH 10.5 (O,
m); presence (full symbols), absence (empty symbols) of Q*X".
Reagents molar ratio 2:0lefin:8:NaOCl (0.35 M):Q*X~ =
1:200:25:700:0-10.

was 295% whereas the reaction rate remained satisfac-
torily high (Figure 1).

In the case of 1-dodecene, the chlorination reaction is
negligible; hence, at pH 9.5 the selectivity and reaction rate
are only slightly affected by the absence of the buffer
(Figure 2).

The addition of a PT catalyst slightly increases the
epoxidation rate but also speeds up the oxidative degra-
dation of porphyrins (Tables II and III).

Effect of the Ligand-Porphyrin Ratio. Only a few
papers concerning the structure optimization of the axial
ligand and the influence of the ligand-porphyrin ratio
(L,/P) on the reaction rates can be found in the literature.
It has been reported that alkyl-substituted pyridines and
4’-(imidazol-1-yl)acetophenone are more efficient axial
ligands than pyridine and methylimidazoles, respective-
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Table III. Stability of Mn Porphyrins in the Epoxidation of 1-Dodecene®

entry porphyrin pH L/P X, % residual Mn porphyrin,® % (min)
1 1 9.5¢ 25 5 0 (5)9 (conv 15%)
2 2 9.5¢ 25 0 80 (60)
3 25 5 60 (60)
4 9.5 25 5 45 (60)
5 10.5 25 5 75 (60)
6 3 9.5¢ 25 0 70 (60)
7 9.5 25 5 62 (60)
8 10.5 10 0 92 (30)¢ (conv 90%)
9 4 9.5¢ 25 5 60 (30)
10 9.5 25 0 60 (60)
11 10.5 10 0 85 (45)¢ (conv 75%)
12 25 0 76 (20)¢ (conv 90%)
13 5 9.5 25 5 0 (16) (conv 32%)
14 10.5 10 0 50 (20), 40 (60)¢ (conv 27%)
15 6 9.5¢ 25 5 38 (60)¢ (conv 73%)
16 25 0 50 (60)¢ (conv 91%)
17 10.5 25 0 60 (60)¢ (conv 92%)
18 7 10.5 10 0 75 (60)¢ (conv 75%)

40 °C, L = N-hexylimidazole. ®Measured after complete conversion of 1-dodecene, if not stated otherwise; reaction times indicated in
parentheses. °Initial value; nonbuffered solution. ¢Reaction stopped before complete conversion.

Conv (%)

] s 10 t5 20 25 30 35

t(min)
Figure 3. Influence of ligand/porphyrin ratio (L/P) on the
epoxidation of cyclooctene catalyzed by Mn(T2,6C1,PP)CI (2) and
N-hexylimidazole (8) at 0 °C: pH 9.5 (empty symbols); pH 10.5
(full symbols). L/P: 0 (v, ¥), 0.5 (0), 1 (4, &), 3 (O), 10 (©),
25 (0, ®). Reagents molar ratio 2:0lefin:8:NaOCl (0.35 M) =
1:200:0-25:700.

ly.2d32 According to different authors optimum L/P’s are
in the range 15-650.1"% This wide range is most likely due
to a combination of several factors, such as the chemical
instability of the porphyrins and of the axial ligands and
the distribution of the ligand between the aqueous and the
organic phase.

In order to get a better understanding of these param-
eters, we used the chemically stable Mn(T2,6C1,PP)Cl 2
as catalyst, and N-hexylimidazole (8), which is totally in-
soluble in water, as axial ligand.

As is shown in Figure 3, at pH 9.5 epoxidation rates of
cyclooctene are greatly enhanced by addition of very small
amounts of 8; the maximum rate is found for L/P =
0.5-1.0, and under these conditions, the reaction is over
in 5 min. At pH 10.5 the epoxidation rates are slower, and
again a maximum is reached for L/P = 0.5-1.0. In the

Conv (%)

o & T T T T T T T
[ 5 10 15 20 25 30 35
¢ Irmind

Figure 4. Influence of ligand/porphyrin ratio (L./P) on the
epoxidation of 1-dodecene catalyzed by Mn(T2,6C1,PP)CI (2) and
N-hexylimidazole (8) at 0 °C: pH 9.5 (empty symbols); pH 10.5
(full symbols). L/P: 0 (v), 1 (a), 5 (3), 10 (O, #), 25 (0, @).
Reagents molar ratio 2:0lefin:8:NaOCl (0.35 M) = 1:200:0-25:700.

absence of the axial ligand the rates sharply decrease, and
conversions are complete in 25 and 60 min at pH 9.5 and
10.5, respectively.

A very different behavior is observed when 1-dodecene
is the substrate (Figure 4). Complete conversion is ob-
tained after 10 min at pH 9.5 with L /P = 25. Below this
value, the reaction is initially fast and then suddenly slows
down and proceeds at the same rate as is found in the
absence of the axial ligand (see below). At pH 10.5, the
reaction is over in 20 and 15 min with L /P = 25 and 10,
respectively. As observed for cyclooctene, with higher
amounts of 8, longer times are required to reach complete
conversion. In the absence of the ligand the reaction is
extremely slow.

Without the axial ligand, but in the presence of a PT
catalyst, epoxidation is inhibited with both substrates.
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Figure 5. Fate of the axial ligand in the olefin epoxidation

catalyzed by Mn(T2,6CL,PP)Cl (2) at 0 °C and pH 9.5: olefin
epoxidation (full symbols), ligand demolition (empty symbols);
cyclooctene, N-hexylimidazole (W, O); 1-dodecene, 4-tert-butyl-
pyridine (4, A); 1-dodecene, 3-phenylpyridine (®, O). Reagents
molar ratio 2:olefin:ligand:NaOCl (0.35 M):Q*X" = 1:200:25:700:10.

Fate and Structure of the Axial Ligand. One of the
reasons that complicate the understanding of the influence
of the ligand/porphyrin ratio on the olefin epoxidation is
the concomitant oxidation of the axial ligand. Indeed, both
N-hexylimidazole (8) and pyridines 9 and 10 are oxidized
along with the olefin; this reaction is particularly fast when
almost all the substrate has been consumed. A few sig-
nificant examples with the olefin:ligand:porphyrin 2 ratio
= 200:25:1 are reported in Figure 5. When equimolecular
amounts of ligand 8 and cyclooctene were used, the ligand
was 50% oxidized at 95% olefin conversion (45 min); the
residual ligand was entirely oxidized in a further 15 min.
In the absence of olefin, ligands 8, 9, and 10 were com-
pletely oxidized at 0 °C and pH 9.5 in 30, 60, and 90 min,
respectively.

Pyridines 9 and 10 afforded the corresponding N-oxides
11 and 12, which were isolated in high yields. From N-
hexylimidazole (8) an unresolvable mixture of products was
obtained.!?

The behavior of N-hexylimidazole (8), 4-tert-butyl-
pyridine (9), 3-phenylpyridine (10), and of N-oxides 11 and
12 as axial ligands in the oxidation of cyclooctene is almost
identical. For instance, at pH 10.5, 0 °C, and L./P = 1,
with porphyrin 2 the reaction was over in 14-18 min,
whatever the ligand (Figures 3 and 6). In the oxidation
of 1-dodecene, L/P = 10, imidazole 8 is the best ligand
(Figures 4 and 6). Surprisingly, in the oxidation of this
olefin, 3-phenylpyridine N-oxide (12) is more effective than
the corresponding pyridine 10 (Figure 6). The same result
was found when the porphyrin/substrate ratio was 10
times lower (2:ligand:1-dodecene = 1:10:2000), since 60%

(12) It is known that imidazole N-oxides cannot be prepared by direct
oxidation of the heterocyclic ring.!?

(13) (a) Botvinnik, M. M.; Porkofev, N. A. J. Gen. Chem. USSR 1937,
7,1621. (b) Lettau, H. Z. Chem. 1970, 10, 211. (c) Grimmett, M. R. Adv.
Heteroc. Chem. 1970, 12, 103.
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Figure 6. Influence of pyridines 9, 10 (empty symbols) and of
the corresponding N-oxides 11, 12 (full symbols) in the olefin
epoxidations catalyzed by Mn(T2,6CL,PP)Cl (2) at 0 °C, pH 10.5,
L/P =1 and 10 in the epoxidation of cyclooctene (first symbol)
and of 1-dodecene (second symbol), respectively: 4-tert-butyl-
pyridine (9) (A, ©), 3-phenylpyridine (10) (O, 0), 4-tert-butyl-
pyridine N-oxide (11) (a, #), 3-phenylpyridine N-oxide (12) (®,
m). Reagents molar ratio 2:olefin:ligand:NaOCl (0.35 M) =
1:200:1-10:700.
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Figure 7. Epoxidation of cyclooctene catalyzed by Mn-
(T2,6C1,PP)CI (2) (a), Mn(TCl3Me,PP)Cl (3) (@), Mn-
(TBr;Me,PP)CI (4) (m), at 0 °C and pH 10.5. Reagent molar ratio
Mn porphyrin:olefin:8:NaOCl (0.35 M) = 1:200:1:700.

and 80% conversions (1200 and 1600 turnovers) were ob-
tained after 285 min at pH 10.5 and 0 °C, with 10 and 12,
respectively. In the oxidation of 1-dodecene, where L./P
= 10 is required, the difference in efficiency of 11 and 12
is mainly due to their partitioning between H,O and
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Figure 8. Epoxidation of cyclooctene catalyzed by Mn(TPP)C1
(1) (0), Mn(T3,5C1,PP)Cl (5) (¢), Mn(TF;PP)CI (6) (O), and
Mn(TMP)CI1 (7) (a), at 0 °C and pH 10.5. Reagents molar ratio
Mn porphyrin:olefin:8:NaOCl1 (0.35 M) = 1:200:1:700.

CH,Cl, (45:55 and 0:100, respectively).

Comparison of Catalytic Activity of Mn Porphyrins
1-7. Catalytic activity of Mn porphyrins 1-7 has been
compared under the optimized conditions set up for por-
phyrin 2 in the oxidation of cyclooctene and 1-dodecene.
At pH 10.5, 0 °C, L/P = 1, and with porphyrins 2—4 as
catalysts, cyclooctene was oxidized in 15-30 min (Figure
7); porphyrins were still unchanged at the end of the re-
actions (Table IT). Under these same conditions and using
porphyrins 1 and 6, reactions were over in 30-35 min
(Figure 8), but degradation was observed (40% and 64 %
after 20 min, 28% and 51% after 40 min, of residual
porphyrins 1 and 6, respectively) (Table II). Porphyrin
5 was totally destroyed within few minutes when a qua-
ternary salt was used; in the absence of the latter it is
relatively more stable but the reaction stops at <50%
conversion due to the complete degradation of the ligand.
Porphyrin 7 is stable under the reaction conditions but
catalyses a fast oxidation of cyclooctene until 60% con-
version (5 min), and then the reaction becomes very slow
and is complete in 1 h (Figure 8 and Table II). The last
part of the reaction proceeds at the same rate as is found
in the absence of the axial ligand.

In the absence of ligand, catalysts 2-4 and 7 allow com-
plete conversion of cyclooctene in 1-2 h, the catalysts still
being unchanged at the end of reaction (Table II and
Figure 9). Complete conversion was also obtained with
6 in about 8 h, but the catalyst undergoes partial demo-
lition (70% and 40% of residual porphyrin after 5 and 7
h, respectively). Porphyrins 1 and 5 do not catalyze cy-
clooctene epoxidation in the absence of the axial ligand
and are completely bleached in 4-5 h.

In epoxidation of 1-dodecene carried out at pH 10.5, 0
°C, and L/P = 10, all reactions stopped before reaching
the end (Figure 10). Complete conversion was achieved
only with porphyrin 2 (Figure 4). By increasing the
amount of the axial ligand (L/P = 25) also 3 and 4 com-
pleted the reaction (Figure 10). Once again this behavior
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Figure 9. Epoxidation of cyclooctene catalyzed by Mn porphyrins
(2)(0),3 (@),4(0),5 (m), 6 (®),and 7 (©) at 0 °C and pH 10.5,
in the absence of axial ligand. Reagents molar ratio Mn por-
phyrin:olefin:NaOC]l (0.35 M) = 1:200:700.
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Figure 10. Epoxidation of 1-dodecene catalyzed by Mn por-
phyrins 3 (0, ®),4 (0, W), 5 (0), 6 (A, A),and 7 (©) at 0 °C and
pH 10.5: L/P = 10 (empty symbols), L/P = 25 (full symbols).
Reagents molar ratio Mn porphyrins:olefin:8:NaOCl (0.35 M) =
1:200:10-25:700.

is due to the competitive demolition of the axial ligand and
to a partial or total degradation of the porphyrins; 100%
conversion is reached with the most stable porphyrins 2—-4
only when enough ligand survives. In the presence of
1-dodecene, a poorly reactive substrate, the excess of axial
ligand also catalyses a slow demolition of porphyrins 2—4,
which however does not exceed 20-25% and stops when
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all the ligand has been oxidized.**

Discussion

In the NaOCl-promoted epoxidations reactivity and
chemical stability of porphyrins 1-7 depend on a com-
plicated combination of several factors: the porphyrin and
olefin structure, pH of the aqueous NaOCI solution,
presence of a quaternary onium salt as phase-transfer
catalyst, lipophilicity of the axial ligand, ligand—porphyrin
ratio, etc.

It has already been published that the resistance of
metallotetraarylporphyrins toward oxidative degradation
is strongly increased by the presence of bulky and/or
electronegative substituents in the aryl rings;’® however,
it is only recently that the relative importance of these two
parameters has been investigated.5?®15 A strong degree
of uncertainty derives from the fact that the stability of
metalloporphyrins has often been studied by using a large
excess of substrate with respect to the oxidant, i.e. under
conditions that are particularly “harmless” to the por-
phyrin and do not allow a clear cut evaluation of the real
stability of the latter.

In the NaOCI epoxidations carried out at pH 9.5 under
two-phase conditions, only Mn porphyrins 2-4 combining
the presence of electron-withdrawing substituents with the
steric protection of the metal center are stable toward
oxidative degradation.’®¢ They are particularly suitable
catalysts in the oxidation of poorly reactive substrates such
as a-olefins.

Hypochlorous acid, one of the most powerful oxidants
known,!! is particularly suitable for assessing the chemical
stability of porphyrins. By lowering the pH of the aqueous
phase to 9.5-10.5, significant amounts of HOCI are par-
titioned in the organic phase (Table I). The addition of
a quaternary onium salt increases the amount of oxidant
in the latter by extracting ClO~ from the aqueous phase.!®
Under these conditions, the anion ClO™ associated to the
quaternary cation Q* is extremely reactive both as oxidant
and nucleophile.? In agreement with this the stability

(14) Previously we reported® that porphyrins 2-4 are perfectly stable
during the oxidation of 1-dodecene carried out with an excess of axial
ligand (I./P = 10-25). This conclusion relied upon the invariance of the
intensity of the Soret band (in the range 477.56-480 nm depending on the
Mn(III) porphyrin) for at least 120 min after the end of the reaction. Now
we find that with L/P = 25 the absorbance is 20-25% lower than that
in the absence of the ligand (situation at the end of the reaction), without
appreciable shift of A,,. As a consequence, the partial demolition of
porphyrin balances the expected increase of absorbance.

(15) A few qualitative scales of stability under certain conditions have
been proposed.®'%1¢ Mn- and Fe-(T2,6C1,PP)Cl are constantly described
as exceptionally robust porphyrins,’® but the metal complexes of other
porphyrins are also reported as a very stable, among them tetrakis(pen-
tafluorophenyl)porphyrin,2:34.7010b tetramesitylporphyrin, 1% tetrakis-
(2,4,6-triphenylphenyl)porphyrin,’® tetrakis(3,5-di-tert-butyl-2-nitro-
phenyl)porphyrins,* and those deriving from the perchlorination and
perbromination of 2 at the pyrrolic rings.}” Obviously, the stability also
depends on the nature of the oxidant,’!® and an isolated report can be
found®® on the influence of the axial ligand.

(16) Cook, B. R.; Reissert, T. J.; Suslick, K. 8. J. Am. Chem. Soc. 1986,
108, 7281.

(17) Traylor, T. G.; Tsuchiya, S. Inorg. Chem. 1987, 26, 1338.

(18) Traylor, T. G.; Xu, F. J. Am. Chem. Soc. 1987, 109, 6201.

(19) It has been reported by Sasson? that the amount of C10~ trans-
ferred into the organic phase (CH,Cl,) by a lipophilic quaternary cation
is maximum at pH 9-11 (50-90%); the hypochlorite is complexed to
undissociated hypochlorous acid by hydrogen bonding. Bruice has re-
cently published that with aqueous LiOCl at pH 10.5, about 0.1 equiv of
ClO™ per equivalent of quaternary onium cation are transferred into the
organic phase.?! This is probably due to the competition between C10~
and the large amounts of Cl” present in the aqueous phase, as counterions
extracted by the lipophilic cation.??

(20) (a) Abramovici, S.; Neumann, R.; Sasson, Y. J. Mol. Catal. 1985,
29, 291. (b) Ibid. 1985, 29, 299.

(21) Lee, R. W.; Nakagaki, P. C.; Balasubramanian, P. N.; Bruice, T.
C. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 641.
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of porphyrins strongly decreases by increasing the amount
of the quaternary salt (Table II).

In the epoxidations catalyzed by Fe(III) and Mn(III)
porphyrins, it was suggested that the reaction intermediate
is a high valent oxomanganese complex 13, expressed
formally in a +5 oxidation state.’¢5?® When a pyridine
or an imidazole is coordinated to 13, the corresponding oxo
complex 14 becomes so reactive that it is capable of cat-
alyzing the self-destruction of Mn porphyrins, including
the most robust compounds such as 2-4.

ﬁv ﬁ¢
M < n’ >
" ML
14

Indeed the stability of all the investigated porphyrins
diminishes in the presence of the axial ligand and is in-
versely related to the amount of this latter (Tables II and
III). The effect is particularly evident with a-olefins, which
require high L/P values. In the presence of bulky and
electron-withdrawing substituents in the ortho positions
of the phenyl rings, the noncoordinated oxo complex 13
can still oxidize the olefin without self-destruction. In the
absence of the ligand, not only Mn porphyrins 2—4, but also
7, are perfectly stable (Figure 9 and Table II).2

(22) (a) Montanari, F.; Landini, D.; Rolla, F. Top. Curr. Chem. 1982,
101, 147. (b) Dehmlow, E. V.; Dehmlow, S. S. Phase Transfer Catalysis,
2nd ed.; Verlag Chemie: Weinheim, 1983. (c) Lee, G. A.; Freedman, H.
H. Isr. J. Chem. 1985, 26, 229.

(23) No assignment of the electronic configuration of the active species
is intended; indeed other formulations cannot be ruled out.? In the case
of the oxidizing system Mn(III) porphyrin/NaOCI the active species has
been isolated and characterized by visible spectroscopy, magnetic mea-
surements, cyclic voltammetry, and EXAFS.% A structure in which
oxygen is inserted into the metal-nitrogen bond has been alternatively
proposed for Fe(IlI) porphyrins and theoretical calculations have pre-
dicted that it may be significantly more stable than the oxo complexes.?
However such a species has only been recently prepared and character-
ized, and it has been shown that it is chemically distinct from the formally
expressed isomeric oxo complex.?’

(24) (a) Meunier, B. Recl. Trav. Chim. Pays-Bas 1987, 106, 314. (b)
Van der Made, A. W.; Drenth, W.; Nolte, R. J. M. Ibid. 1987, 106, 330.
(c) Groves, J. T.; Stern, M. K. J. Am. Chem. Soc. 1987, 109, 3812. (d)
Czernuszewicz, R. S.; Su, Y. O.; Stern, M. K.; Macor, K. A,; Kin, D,;
Groves, T. G.; Spiro, T. G. J. Am. Chem. Soc. 1988, 110, 4158.

(25) (a) Bortolini, O.; Meunier, B. J. Chem. Soc., Chem. Commun.
1983, 1364. (b) Bortolini, O.; Ricci, M.; Meunier, B.; Friant, P.; Ascone,
1.; Goulon, J. Nouv. J. Chim. 1986, 10, 39.

(26) (a) Balch, A. L.; Chan, Y. W.; Olmstead, M.; Renner, M. W. J.
Am. Chem. Soc. 1985, 107, 2393. (b) Jorgensen, K. A. Acta Chem. Scand.
1986, B-40, 512. (c) J. Am. Chem. Soc. 1987, 109, 698.

(27) Groves, J. T.; Watanabe, Y. J. Am. Chem. Soc. 1986, 108, 7836.
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Both the quaternary salt and the axial ligand play an
intriguing role in the epoxidations, which can be acceler-
ated, slowed down, or even inhibited by them. We can
speculate that this is due to the equilibrium between Mn
porphyrin 17 and its mono- and bisligated species 18 and
19, and to the different reactivities of 17-19 in the presence
of HOCI and of the ion pair Q*ClO~ (Scheme I).3!

At pH 12.7, when ClO™ associated to the quaternary
onium cation is the only oxidizing species in the organic
phase, only 18 via 21 can afford the active oxo complex 14,
the driving force being the electron donation to the metal
by the coordinated nitrogen base. Under these conditions,
but in the absence of the axial ligand, no appreciable re-
action occurs; this means that the possible formation of
13 from 17, via the hypothetic species 20, must be an
extremely slow process.

At pH 9.5-10.5 and in the absence of the quaternary
onium salt, HOCI is now the oxidizing species. In this case
the reaction proceeds also in the absence of the axial lig-
and. The driving force should be the positive charge on
the oxygen in the possible intermediate 22, to give 13 from
17.22 Since epoxidation is inhibited by the phase-transfer
catalyst, formation of 22 should be prevented by the
competitive reaction of the more nucleophilic Cl1O~ with
17. At pH 9.5-10.5, formation of 14 from 18 via 23 is also
favored by the electron donation from the axial ligand, in
agreement with experimental results (Figure 3).

It has recently been reported by Bruice® that in the
epoxidations promoted by p-cyano-N,N-dimethylaniline
N-oxide and catalyzed by Mn porphyrin 2 in the presence
of imidazole (IMH) as axial ligand, the maximum reaction
rate corresponds to the maximum concentration at the
equilibrium of the monocoordinated species .(Por)Mn-
(IMH)CI; this occurs at a L/P ~ 18.

(Por)MnX + L = (Por)Mn(L)X @)
(Por)Mn(L)X + L == (Por)Mn(L),X  (3)
(Por)MnX + 2L 22 (Por)Mn(L),X “
8. = K\K, (5)

(28) As has been found for Fe(III) porphyrins,? it might be possible
that the slow demolition of 2-4 observed in the epoxidation of 1-dodecene
is due to the N-alkylation of the Mn porphyrin (suicide inhibition by the
substrate).®3 Although this event cannot be totally excluded it seems
indeed less probable, since it was not possible to identify any species
having properties comparable with those? of Fe(III) N-alkyl porphyrins.

(29) (a) Mansuy, D.; Devocelle, L.; Artaud, I.; Battioni, J:-P. Nouv. J.
Chem. 1985, 9, 711. (b) Mashiko, T.; Dolphin, D.; Nakano, T.; Traylor,
T. G. J. Am. Chem. Soc. 1985, 107, 3735. (c) Collman, J. P.; Hampton,
P. L.; Brauman, J. C. Ibid. 1986, 108, 7861. (d) Traylor, T. G.; Nakano,
T.; Miksztal, A. R.; Dunlap, B. E. Ibid. 1987, 109, 3625. (e) Artaud, L;
Devocelle, L.; Gregoire, N.; Battioni, J.-P.; Mansuy, D. Recl, Trav. Chim.
Pays-Bas 1987, 106, 336. (f) Artaud, L; Devocelle L.; Battioni, J.-P.;
Girault, J.-P.; Mansuy, D. J. Am. Chem. Soc. 1987, 109, 3782.

(30) (a) Ortiz de Montellano, P. R.; Correia, M. A. Ann. Rev. Phar-
macol. Toxicol. 1988, 3, 481.

(31) This is only a formal representation and does not reflect the real
coordination of the Mn species.

(32) We can observe the analogy with other oxidations catalyzed by
metalloporphyrins, for example those promoted by iodosyl and penta-
fluoroiosodyl benzene, in which step b — ¢ is very fast and does not
require any axial ligand, the driving force being the positive charge on
the iodine atom in b.3

OCI‘—- Ar

| Ari ﬁ’
Fo Arl0 :F o 2 :F.":
cl ci [+]]
() (e) (e)

(33) Wong, W.-H.; Ostovic, D.; Bruice, T. C. J. Am. Chem. Soc. 1987,
109, 3428.
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In the oxidation of cyclooctene with NaQCl at pH 9.5,
2 as catalyst and N-hexylimidazole (8) as axial ligand, we
observed a maximum rate for L/P = 0.5. Measuring®-3%
K, and 8, in CH,Cl, at 25 °C for the equilibria reported
in eq 2-5, we found for Mn(TPP)Cl 1, K; = 58 £ 2 M,
By = (10.7 £ 0.11) X 103 M2, and K, = 182 + 15 M, 8,
= (59.2 + 0.82) X 10 M2, when N-hexylimidazole (8) and
imidazole were the axial ligands, respectively; the latter
K, and 8, values are in good agreement with those reported
by Bruice.?®37 In the case of Mn(T2,6C1,PP)Cl1 2 and of
8, K; and 3, were (1.18 £ 0.2) X 10° M and (8.91 + 0.25)
X 10 M2, corresponding to a K,/K; ratio of about 6.5.
The maximum concentration at 25 °C of the monoligated
species can be calculated from eq 6 (PL = monocoordi-
nated porphyrin; L. = ligand, P; = Mn porphyrin em-
ployed), obtained from equilibria 2-5. It occurs at L/P

_ KiLP]
1+ Ki[L] + B{LI?

(PL] (6)

= (.3, a value in very good agreement with the observation
of a maximum rate for L/P = 0.5 at 0 °C. This result
shows that 18 is by far the most reactive species among
'che3 élonligated, mono- and bisligated Mn porphyrins 17—
19.

The oxygen transfer from the oxomanganese complex
to the olefin is still the object of much debate. Collman
and Meunier have proposed the reversible formation of a
metallaoxetane 15,%¢3¢ formally derived from a 2 + 2 cy-
cloaddition,*! whereas a ring-opened intermediate 16 has
alternatively been proposed, deriving from an electron

(34) Walker, F. A.; Lo, M.-W.; Ree, M. T. J. Am. Chem. Soc. 1976, 98,
5552.

(35) (a) Byers, W.; Cossham, J. A.; Edwards, J. O.; Gordon, A. T.;
Jones, J. G.; Kenny, E. T. P.; Mahmood, A.; McKnight, J.; Sweigart, D.
A.; Tondreau, G. A.; Wright, T. Inorg. Chem. 1986, 25, 4767. (b) Brewer,
C. T.; Brewer, G. A. Inorg. Chem. 1987, 26, 3420. (c) Momenteau, M.;
Scheidt, W. R.; Eigenbrot, C. W.; Reed, C. A. J. Am. Chem. Soc. 1988,
110, 1207.

(36) Yuan, L.-C.; Bruice, T. C. J. Am. Chem. Soc. 1986, 108, 1643.

(37) In the case of Mn(III) porphyrins, it has been reported® that
when X is a tightly binding counterion (such as CI7, Br", or Ny°), equi-
librium constants K, and K, are comparable, independently of their
absolute values;* only if the counterion is a poorly binding ligand (such
as ClO,), K; may be 15-18 times higher? than K,. The behavior of
Mn(I1I) porphyrins is in contrast with that of Fe(III) porphyrins in which
generally only the overall stability constants 8, is observed being K, >
K, Accordingly, it has also been observed that pyridine or imidazole
bases inhibit catalytic activity of Fe(IIINTPP)CI in the presence of
NaOC], 2234 the equilibrium concentration of the catalytically active
monocoordinated species being too low to be detected.

(38) (a) Kelly, S. L.; Kadish, K. M. Inorg. Chem. 1982, 21, 3631. (b)
Collman, J. P.; Brauman, J. L; Fitzgerald, J. P.; Hampton, P. D,; Naruta,
Y.; Michida, T. Bull. Chem. Soc. Jpn. 1988, 61, 47.

(39) This result is quite interesting, even though Walker’s analytical
method,* followed by us, has been questioned®™* due to the unwar-
ranted assumption that the absorption coefficients of the mono- and
hisligated species are the same at the wavelength chosen for analysis. A
detailed investigation on this subject is under way. As observed by a
referee, this calculation does not take into account of the loss of ligand,
via oxidation, during the reaction. This loss is evidenced by the nonlin-
earity of the epoxide formation (Figures 3, 4, 7, 10); the effect is partic-
ularly dramatic for the less reactive a-olefins, where the disappearance
of the ligand suddenly slows down the reaction (Figure 4). A linear
conversion is regularly observed in the absence of axial base (Figures 3,
4,9). We do not know in detail the reaction of bisligated porphyrin with
NaOQCl], but we know that in the presence of an excess ligand, when the
bisligated species is practically the only one at the equilibrium (see
supplementary material), the catalytic activity of the Mn porphyrins
dramatically slows down.

(40) (a) Burige, D.; Seigart, D. A. Inorg. Chim. Acta 1978, 28, L131.
(b) Adams, K. M.; Rasmussen, P. G.; Scheidt, W. R.; Katano, K. Inorg.
Chem. 1979, 18, 1892.

(41) This mechanism resembles that proposed by Sharpless for the
epoxidation of alkenes with chromyl chloride*? and is also similar to that
suggested by Collman!d in the epoxidation of olefins with PhIO and
Fe(IIl)tetraarylporphyrins.

(42) Sharpless, K. B.; Teranishi, A. Y.; Backvall, J.-E. J. Am. Chem.
Soc. 1977, 99, 3120.
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transfer from the alkene, followed by radical collapse to
give a carbocation. 43

Whatever the intermediate species involved, its equi-
librium formation strongly depends on the electronic
density of the olefin; actually, cyclooctene is more easily
oxidized than 1-dodecene. The latter always requires the
presence of an axial ligand (L/P = 10-25) in order to get
complete conversion.

Cyclooctene is readily oxidized at a very low L./P, and
complete conversion can be reached even in the absence
of the ligand, provided that the phase-transfer catalyst is
also absent. Taking into account that both the axial ligand
and the quaternary onium salt accelerate the porphyrin
degradation, we found that using Mn porphyrin 2 as cat-
alyst at pH 10.5 and 25 °C, more than 60.000 turnovers
were reached in 21 h, with 80% selectivity. These are
conditions of choice for the scale up of the reaction.

A last comment concerns the formation of N-oxides 11
and 12 from pyridines 9 and 10 under the reaction con-
ditions and their activity as axial ligands. Oxidation of
pyridines (included 4-tert-butylpyridine) to the corre-
sponding N-oxides, when used as axial ligands on Mn
porphyrins in the olefin epoxidation promoted by NaHSO;,
has been recently reported.?* Aliphatic N-oxides can
transfer the oxygen atom to olefins and to alkanes in the
presence of Fe(IIT) or Mn(III) porphyrins* and of imid-
azoles as axial ligands, whereas pyridine N-oxides are inert
under these conditions.?d Stable 2:1 complexes between
N-oxides and Mn(TPP)CIO, have been isolated,*® and it
has been reported? that pyridine N-oxide behaves as a
fairly efficient axial ligand in the olefin epoxidation pro-
moted by NaOC! and Mn(TPP)Cl under phase-transfer
conditions. The efficiency of 11 and 12 as axial ligands
is quite striking since it opens up the prospect of syn-
thesizing more stable axial ligands particularly suitable for
«a-olefins epoxidations.

Conclusion

The availability of chemically stable Mn(III) tetra-
arylporphyrins, like 2—-4, and the use of imidazole 8 or
pyridines 9-10 as axial ligands, which are entirely soluble
in the organic phase, allowed us to optimize NaOCl olefin
epoxidations carried out under aqueous—organic two-phase
conditions. The axial ligand has to be used in different
amounts, L./P = 0.5-1.0 and 10-25 for reactive (cyclo-
octene) and fairly reactive (1-dodecene) olefins, respec-
tively. It greatly enhances the reaction rates, but it is
oxidized together with the olefin. Buffering to 10.5 the
pH of the aqueous phase, the amount of HOCI in the

(43) (a) Lindsay Smith, J. R.; Sleath, P. R. J. Chem. Soc., Perkin
Trans. 2 1982, 1009. (b) Fontecave, M.; Mansuy, D. J. Chem. Soc., Chem.
Commun. 1984, 879. (c) Traylor, T. G.; Nakano, T.; Dunlap, B. E,;
Traylor, P. S.; Dolphin, D. J. Am. Chem. Soc. 1986, 108, 2782. (d)
Traylor, T. G.; lamamoto, Y.; Nakano, I. Ibid. 1986, 108, 3529. (e)
Traylor, T. G.; Miksztal, A. R. Ibid. 1987, 109, 2770.

(44) (a) Shannon, P.; Bruice, T. C. J. Am. Chem. Soc. 1981, 103, 4500.
(b) Nee, M. W.; Bruice, T. C. Ibid. 1982, 104, 6123. (c) Powell, M. F.; Pai,
E. F.; Bruice, T. C. Ibid. 1984, 106, 3277. (d) Dicken, C. M.; Lu, F.-L.;
Nee, M. W.; Bruice, T. C. Ibid. 1985, 107, 5776. (e) Dicken, C. M.; Woon,
T. C.; Bruice, T. C. Ibid. 1986, 108, 1636. (f) Woon, T. C.; Dicken, C. M,;
Bruice, T. C. Ibid. 1986, 108, 7990.

(45) (a) Brown, R. B.; Williamson, M. M,; Hill, C. L. Inorg. Chem.
1987, 26, 1602. (b) Williamson, M. M.; Hill, C. L. Inorg. Chim. Acta 1987,
133, 107.
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organic phase becomes significant, and the epoxidation of
electron-rich olefins also proceeds in the absence of both
the axial ligand and the phase-transfer catalyst. These are
the best conditions for the chemical stability of the por-
phyrin, which can even reach several thousands of turno-
vers without being demolished, with complete olefin con-
version and very high selectivity. In our opinion the latter
are the sole conditions that can be effectively transferred
on large-scale syntheses.

Experimental Section

'H NMR spectra were recorded on Bruker WP80SY and Varian
X L300 spectrometers in CDCl, as solvent. UV-vis spectra were
obtained with a Varian Cary 219 and Philips PU8720 spectro-
photometers. GC analyses were performed on a Varian Model
3700 gas chromatograph flame ionization instrument (20 X 0.125
in. OV-101-5% on CHP 100-125 mesh column), with VISTA CDS
401 Varian chromatography data system. The free base por-
phyrins, H,-(TPP),* H,-(T2,6CL,PP),*” H,-(TCl;Me,PP),* H,-
(TBrgMe,PP),% H,-(T3,5Cl,PP),* H,-(TF;PP),* and H,-
(TMP)*“® were prepared following reported procedures. Mn
complexes 1-7 were obtained according to the procedure of Adler.*®
N-Hexylimidazole (8),5 4-tert-butylpyridine N-oxide (11),% and
3-phenylpyridine N-oxide (12),5! were prepared as described;
4-tert-butylpyridine (9), 3-phenylpyridine (10), and imidazole were
commercially available and were purified before use. Melting
points are uncorrected.

4-tert-Butylpyridine N-Oxide (11). 4-tert-Butylpyridine
(9) (270.4 mg, 2 mmol) in 20 mL of CH,Cl, was treated for 2 h,
under vigorous stirring, with 20 mL of buffered aqueous NaOCl
(0.34 M, pH 10.5) in the presence of 5 X 107 mmol of Mn-
(T2,6CL,PP)Cl. The reaction progress was monitored by TLC
(CHCl3MeOH = 98:2). At the end of the reaction the phases were
separated, and the crude material was purified by column chro-
matography (silica gel CHCl;:MeOH = 98:2) to give 274 mg (91%)
of 11: mp 102-103 °C in sealed tube (lit.5° mp 103-104 °C); 'H
NMR (CDCly) 6 1.3 (s, 9 H), 7.2 (d, 2 H), 8.1 (d, 2 H).

3-Phenylpyridine N-Oxide (12). 3-Phenylpyridine (10) (315
mg, 2 mmol) was oxidized under the conditions described above.
Column chromatography afforded 230 mg (65%) of 12: mp
115-116 °C in sealed tube (1it.5! mp 119 °C); 'H NMR (CDCl,)
§7.2-74 (m, 7 H), 82 (d, 1 H), 84 (bs, 1 H).

General Procedure of Olefin Epoxidation. Oxidations were
carried out in a 20-mL flask equipped with a Teflon-lined screw
cap and magnetic stirrer, thermostatted at 0 = 0.2 °C with cir-
culating ethanol by a Colora Misstechnick GMBH Lorch/Wurtt.
cryostat. Stirring speed was maintained at 1300 + 50 rpm. The
flask was charged with (a) 1 mL of CH,Cl; solution containing
0.5 mmol of substrate, 0.25 mmol of decane as internal standard,
and 0.025 mmol of trioctyl methyl ammonium chloride (Aliquat
336), when used; (b) 1 mL of 0.0025 M CH,Cl, solution of Mn
porphyrin; (¢) 5 mL of aqueous 0.35 M NaQCl, whose pH was
buffered at the desired value in the range 9.5-10.5 by addition
of 0.1 g of Na,B,0; in 10 mL of NaOCI (slight pH corrections were
made by the addition of few drops of 10% NaOH or 10% HCI
solutions). The required amount of ligand was added via mi-
crosyringe (10~50 uL of a CH,Cl; solution in the range 2.5 X 107!
to 1.25 M concentration). The mixture was stirred, and samples
taken at different times were analyzed by GC.

Stability of Mn Porphyrins 1-7. In the epoxidation ex-
periments a 25-uL sample of the organic phase was withdrawn
before the addition of the ligand'4 and diluted in 10 mL of CH,Cl,

(46) Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C,;
Marguerettaz, A. M. J. Org. Chem. 1987, 52, 827.

(47) Wan der Made, A. W.; Hoppenbrouwer, E. J. H.; Nolte, R. J. M;
Drenth, W. Recl. Trav. Chim. Pays-Bas 1988, 107, 15.

(48) (a) Wagner, R. W.; Lawrence, D. S.; Lindsey, J. S. Tetrahedron
Lett. 1987, 27, 3069. (b) Kihn-Botulinski, M.; Meunier, B. Inorg. Chem.
1988, 27, 209.

(49) Adler, A. D.; Longo, F. R.; Kampes, F.; Kim, J. J. Inorg. Nucl.
Chem. 1970, 32, 2443.

(50) Schubert, W. M.; Robins, J.; Craven, J. M. J. Org. Chem. 1959,
24, 943.

(51) Katriztky, A. R.; Lagowski, A. R. J. Chem. Soc. 1958, 1754.
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(zero time); 25-ul. samples were withdrawn at different times and
diluted in 10 mL of CH,Cl,. Mn porphyrin decomposition was
followed by UV-vis spectroscopy in the 350-700-nm range,
measuring the percentage decrease of the absorbance at the Apa,
referred to the sample taken at zero time. Results are reported
in Tables IT and III.

Titration of HOC] Extracted in CH,Cl,. In a 100-mL
round-bottomed flask, equipped with a magnetic stirrer, were
poured 32 mL of CH,Cl, and 40 mL of aqueous NaOCl (0.35 M)
buffered at the desired pH. The mixture was vigorously stirred
at 0 °C for 30 min; 30 mL of the CH,Cl, solution were carefully
separated and stirred for 10 min with an excess of acidic KI
solution and titrated with 0.001 N aqueous Na,S;0;. Results are
reported in Table L.

Determination of Association Constants (K, 8,). The K,
and B, values were determined as reported by Walker et al.3
following the absorbance change of 1.0 X 10~ M CH,Cl, solution
of Mn(TPP)Cl 1 and of Mn(T2,6CL,PP)Cl 2 at 477.6 and 477.9
nm, respectively, upon addition of the ligand CH,Cl, solution.
The concentration ranges of the latter were 2.10 X 107 to 3.15
X 1072, 4.02 X 107 to 5.25 X 107%, and 4.93 X 10 to 1.48 X 1073

M for 1-IMH, 1-8, and 2-8, respectively. Titrations were recorded
at 25 = 0.2 °C under aerobic conditions.
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Anionic substitution of N-(9-(9-phenylflucrenyl))-protected glutamic acid esters proceeds without loss of optical
integrity to give 4-substituted glutamic acid derivatives. The 4-methyl, propyl, cyanomethyl, and phenyl analogues
have thus been prepared. Primarily by conversion to the corresponding 5-hydroxypentanoic acids and intramolecular
nitrogen alkylation, 4-substituted prolines are obtained in an efficient and chirospecific manner. Because of
the restricted side-chain mobility, these 4-substituted prolines behave as conformationally constrained amino

acid analogues.

Introduction

Substituted prolines have elicited a wide range of in-
terest. Several alkylated prolines are rare naturally oc-
curring amino acids,! they are constituent amino acids in
antibiotics,? and recently they have gained interest in the
development of novel angiotensin converting enzyme in-
hibitors.® Proline itself plays a significant role in the
biochemistry of proteins, inducing strong preference for
secondary structural motifs (kinks in a-helices and reverse
turns).* This property has marked effects, for instance,

(1) Reviewed in Mauger, A. B.; Witkop, B. Chem. Rev. 1966, 66, 47.

(2) For example, 4-methylproline in peptide antibiotics: (a) Radics,
L.; Kajtar-Peredy, M.; Casinovi, C. G.; Rossi, C.; Ricci, M.; Tuttobello,
L. J. Antibiot. 1987, 40, 714. (b) Isogai, A.; Suzuki, A.; Tamura, S.;
Higashikawa, S.; Kuyama, S. J. Chem. Soc., Perkin Trans. 1 1984, 1405.
N-Methyl-4-ethylproline in lincomycin B: (c) Argoudelis, A. D.; Fox, J.
A,; Eble, T. E. Biochemistry 1965, 4, 698. N-Methyl-4-propylproline in
lincomyein A: (d) Magerlein, B. J.; Birkenmeyer, R. D.; Herr, R. R;;
Kagan, F. J. Am. Chem. Soc. 1967, 89, 2459. In clindamycin: (e) Reiner,
R. Antibiotics; George Thieme Verlag: Stuttgart, 1982.

(8) (a) Thottathill, J. K.; Moniot, J. L.; Mueller, R. H.; Wong, M. K.
Y.; Kissick, T. P. J. Org. Chem. 1986, 51, 3140. (b) Thottathill, J. K.;
Moniot, J. L. Tetrahedron Lett. 1986, 27, 151. (c) Thottathill, J. K.;
Moniot, J. L.; Floyd, D.; Brandt, S. U.S. Patent 4,501,901, 1985. (d)
Smith, E. M.; Swiss, G. F.; Neustadt, B. R.; Gold, E. H.; Sommer, J. A,;
Brown, A. D.; Chiu, P. J. S.; Moran, R:; Sybertz, E. J.; Baum, T. J. Med.
Chem. 1988, 31, 875.
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in collagen biosynthesis® and in protein folding,® and has
also been implicated in certain peptide hormone recog-
nition events.” Conformationally constrained peptides are
emerging as useful tools in developing peptide-derived
pharmaceutic agents.® Substituted prolines provide a new

(4) (a) Bell, J. E; Bell, E. T. Proteins and Enzymes; Prentice Hall:
Englewood Cliffs, NJ, 1988; pp 213-223. (b) Robson, B.; Garner, J.
Introduction to Proteins and Protein Engineering; Elsevier: Amsterdam,
1986. (¢) Chou, P. Y.; Fasman, G. D. J. Mol. Biol. 1977, 115, 135. (d)
Lisowski, M.; Siemion, I. Z.; Sobezyk, K. Int. J. Pept. Protein Res. 1983,
21, 301. (e) Lee, E.; Nemethy, G.; Scheraga, H. A.; Ananthanarayanan,
V. S. Biopolymers 1984, 23, 1193. (f) Barlow, D. J.; Thornton, J. M. J.
Mol. Biol. 1988, 201, 601.

(5) (a) Kivirikko, K. I.; Myllyla, R. In The Enzymology of Post-
translational Modifications of Proteins, Freeman, R. B., Hawkins, H. C.,
Eds.; Academic Press: New York, 1980; Vol. 1, pp 53-104. (b) Tur-
peenniemi-Hujanen, T.; Myllyla, R. Biochim. Biophys. Acta 1984, 800,
59. (c) Ananthanarayanan, V. S.; Soman, K. V.; Ramakrishnan, C. J. Mol.
Biol. 1987, 198, 705.

(6) (a) Bradyts, J. F.; Halvorson, H. R.; Brennan, M. Biochemistry 1975,
14, 4953. (b) Jaenicke, R. Angew. Chem., Int. Ed. Engl. 1984, 23, 395.
(c) Wetlaufer, D. B. Biopolymers 1985, 24, 251. (d) Schmid, F. X.; Grafl,
R.; Wrba, A.; Beintema, J. J. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 872.

(7) (a) Hruby, V. J. Trends in Pharmacol. Sci. 1985, 6, 259. (b) Ibid.
1987, 8, 336. Some further examples: (c) Opioid peptides: Purisima, E.;
Scheraga, H. J. Mol. Biol. 1987, 196, 697. (d) Somatostatin: Veber, D.
F.; Holly, F. W,; Paledeva, W. J.; Nutt, R. F.; Bergstrand, S. J.; Torchiana,
M.,; Glitzer, M. S,; Saperstein, R.; Hirschmann, R. Proc. Nat!l. Acad. Sci.
U.S.A. 1978, 75, 2636.
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