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Cytachrome P-450 is the general term of a large class of monooxygenases,
widely present in nature. [ts prosthetic group is Fe(Ill)-protoporphyrin X,
in wnich a thiolate group of a cysteine occupies one of the axial
cooraination sites of the metal. These enzymes exploit molecuiar oxygen as
the oxidant, by introducing one oxygen atom into the substrate while the
second oxygen atom is eliminated as water. The activation of molecular
oxygen occurs via one electron reduction of the metal through eiectron
transfer chain starting from NADPH.

A first approach to build up a simpler and equally efficient "artificiai
oxidant* invoived the use of a series of single oxygen donors (Phi0, Nai0,,
H,0,, organic peracids, etc..) instead of the reductive dioxygen activation.
Ogiaauons occyr via Fe(IV) oxene porphyrinato cation radical, which {s the
reactive species.

A further important step has been the use of Fe(III) and Mn(III)
compiexes of synthetic tetraaryl porphyrins, which are capabie of catalyzing
mono-oxygenation reactions in a similar way. Although an ideal model would
associate to the metalloporphyrin a thiolate group as axial ligand, the
Tatter can be effectively substituted by heterocyclic nitrogen bases. Both
the poronyrin ring and the axial ligand undergo oxidative demoiition under
the reaction conditions, and this degradation is particuiarily evident with
poorly reactive substrates.

The chemical stability of metallo-porphyrins can be noticeably imoroved
by introducing stericaily hindering and/or electron withdrawing sudbstituents
both in the meso-phenyi rings and in the pyrroilic moieties of tatraaryi
poronyrins. Several difffculties arise in the reductive dioxygen activation
with Fe{l!l) ana Mn(IIl)-norphyrins, and in the direct use of 02 in the
presence of Ru-porohyrins. .

On the contrary by using simple ana inexpensive oxidants, such as
HOC1/C10  and 30%-H,0, under agueous-organic two-phase conditions at 0°C,
alkene epoxidations and/or alkane hydroxylations can be easily obtained.

When the NaOCl aqueous phase is at pH 9.5-i10.5 a, pnase transfer (PT)
cataiyst is not required. The addition of small amounts of lipopnilic
heterocyciic nitrogen bases as axial liganas (L) increase the oxidation
rates. OJptimum amounts of ligand depend on the porphyrin, the pH of the
aqueous medium and the opresence of a PT catalyst. I[n the epoxidation of
reactive alkenes catalysea by chemicaily robust porphyrins in the apsence of
L, several thousands of turnovers (up to 100,000) can be obtained.

Lipoonilic carpoxylic acids and heterocyclic bases strongly ennance
oxidations promotes by 30%-H,0,. Alkene epoxidations and alkane
hyaroxyiations are completed in a Téw minutes at 0°C, at initial rates uo to
12§ turnovers/min.

Hignly structured porphyrins bearing heterocyclic bases or carboxylic
groups covalently attached by a flexible chain have been synthetized. These
cataiysts are often very efficient, and their robustness towards the
oxidants is increased by introducing chiorine atoms in the 0-o'-positions of
meso-aryl groups.Several recent reports on asymmetric oxygenations catalyzed
by metailo-porpnyrins will be also discussed.
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- Porphinoids, e.g. the red pigment of blood and the green

pigments of plants, are essential catalysts in all spheres

of life.
- Their deep coiour indicates the existence of low energy

electronically excited states, hence their easy

involvement in redox reactions.

Porphinoids, and the related corrinoids, firmly compliex

transition metal fons.
- In a circular and planar array, 4 nitrogen atoms surround

a caordination hole with a diameter of ca. ti.

Heme: Fe-porphyrinate

Chlorophyll a: Mg-chlorinate

Coenzym F-430: Ni-corphinate

Vitamin 8-72: Co-corrinate.
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CYTOCHROME P-450

Cytochrome P-450 is the general term of a large class of

monooxygenases, widely present in nature. Its prosthetic

group fs Fe(IlI)-protoporphyrin I[X, in which a thiolate
group of a cysteine occupies one of the axtal coordination
sites of the metal.

These enzymes eploit molecular oxygen as the oxidant, by
introducing one oxygen atom into the substrate while the

second oxygen atom is eliminated as water.

P-450

RH + 0, + 2¢” + n* ROH + H,0

The most plausible structure of the active intermediate,

porphyrinato iron (V) oxene 1, was first suggested by Groves

(1979},
: n
it | .
__.;:ev_ _F,ﬂi
1 2

Spectroscopic measurements strongly suggest that the cation
radical 2 of porphyrinato Fe(IV) oxene is the most dominant

limiting structure.

FrXxcmITomMmoomy

DIOXYGEN ACTIVATION

(catalytic cycle of Cytochrome P-450)
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The activation of molecular gxygen occurs via one electron

reduction of the metal through electron transfer chain

starting from NADPH.
When oxygen-donors are used the reaction follows the so

cailed “shunt pathway“.

STRUCTURE OF CYTOCHRQOME P-450

from "Pseudomonas Putida” (T.L. Poulos, 1985)
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TOMARDS A SYNTHETIC MODEL OF CYTOCHROME P-450

Artificial oxidant: Single oxygen domors (PhID: Ulirich,

1976; Groves, 1979) f{nstead of the

reductive dioxygen activation.

Artificial catalysts: a) metal compiexes (M = Mn, Fe, etc..)

of synthetic tetraaryl porphyring
(Tabushi, Groves, et al., since 1979).
b) Heterocyclic nitrogen bases as
axial 11gands L) (imidazoles,
pyridines).

c) Single oxygen donors.

X :
OXIDANTS CGHSIO, CGFSIO’ ROOH, KHSOS, RCD3H. NaCloz, etc...

0, +2 , 0

> Cl107/HOCT, H.0

2’ 272

Problems to be solved in order to obtain effective synthetic

models of cytochrome P-450:

1) Synthesis
B} <::>>cno
2) Chemical stability N F
H

3) Catalytic efficiency

— | I
a) CFJCDDH. CHZCIZ, 25°C CHJCHZCOOH , reflux Zn(OAc)Z, collidine
or (Rothemund, 1941; reflux, HC1
EtZO.BFs, CHZCIZ, 25°C Adler, 1967) (Badger, 1964)
or

HeOH.BFJ, cu2c1z, 25°¢C

5} Chloranil or

ooq, CHZCIZ

Q0

porphyrinogen porphyrin

(Lindsey, 1987; Mn (QAc) OMF

2°

Drenth, 1988; reflux

Meunier, 1988) (Adler, 1970)




Porphyrin deactivation

formation of

/A-uxo-dilers

Ar
Ar Ar H-Fe”l, Mn‘“.etc‘.
Ar \Ih" oxidative
e demolition
N-atkylation
(suicide fahibition} STABILITY OF METALLO-PORPHYRINS
1) Intrinsic structural factors
2) Complexed metal
3) Oxygen donor
4) Reactivity of substrate
S) Oxygen donor/substrate ratio
STABILITY OF METALLO-PORPHYRINS (INFLUENCE OF SUBSTITUENTS) Highly reactive substrates and a high molar excess of

substrate with respect to the axidant strongly favour the

porphyrin survival.

Ar
Stable Fairly stable Unstable
3] Me
Ar = O Me -@
Ci Me
C': "o, (u.p) £ F ct
/\( —~ \
N, - u)-F O)
/ — \
¢ FF c1

REDUCTIYE DIOXYGEN ACTIVATION

3 Perhalogenation at <O>
‘ pyrrole positions, e.g. /C>
N(IFBYZ.SNZPP)CX !

N(BPBTNP)CI i“"‘o> Fe(IIl} and Mn(III) synthetic tetraarylporphyrins catalyze
the transfer of one oxygen atom from Oz to hydrocarbons in

the presence of reducing agents.
Catalytic efficfency and yields aften very low due to the
Tack of saparation between the active-axygen species and the

reducing agent.

1
Leducing ageat W oarpayrin (1)

no) 1 'aornnyri n

substrate Substrate (0) (2)
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Reductive Dioxyqen Activation

H
mnlll tee, NoBH,

0gs CSHG-EtOH 41

1 *an
Mn®t0-TPP, Bu N BH,,

0y, CHyCly

m!1tpp, N-Me-tM

02 » Hy» pt-coll., EtOH

Fe!ll-pp, acy0, Zn/Hg

0y- MeCN

mtllrpe, Nome-in

02, In, AcOH

¥ oA

CH

~2¢/h

Pereé-Fouvet, 1981
1.6 c/min

Tabushi, 1984
0.6-3.0 ¢/h

shilov, 1987

2.2 c/min

Monsuy, 1987
2.5 c/min

(50% su Zm)

ﬁ :
-
"5' 02. 25°C

Cs

1/0y
bemene 20°C

Sh-74 : 72-94%

Ru(YNF)(Dz)

45 turnovers/d

Groves (1985}

Marchon {1988)

Ru(0,)-TETRAARYLPORPHYRIN

o, 0
I
— D
0
° seel [
0 Se—Z
N
i i
|
2 RE D —mem CRu >+ q‘l!.'
0

Catalytic aerobic epoxidation is eventually cerminated by
the formstion of a Ru(lI)(CO)porphyrin. The source of the

carbonyl 1igand is the substrate.

(Groves 1984, 1989).

Fl(TFsP’)X

—_— select.

(Cuz)IC-H + ﬂz (CHJ)J-UH 90t
80°C, 7 dar

2000 turn. in 6 h

Fu(TFsP!)X. banzene

———————— -CH=
CH, + 0 CN] CH CHJ * CNJCUCH1

cuscxz 1 2

125°C, 70 bar o
0.8 : 1

870 turn. in 3 b

tyons (1989).




CSHSIO

(Ullrtch, 1976;

Groves, 1979}

Drawbacks

Fe(IIl) and Wn(II1)porphyrins expensive

\ e
,C-C\ e Sl - polymeric, almost {nso-
-\vc-u —  =(-ON luble 1n most arganic
solvents
C.F_I0
Ar=H — Ar-ON = no kinetic measurement 65

- Soluble under certain conditions

~ Yery efficient oxtidaat

- In alkene epoxidations up to 10,000
turnavers, with fnitial rate is higa

as 300 turn./sec.

Alkene epoxidations promoted

by CI0°/HOC! under two-phase conditions

- e e
- Tabusht (1979): MaoCI, HZU-CHZCIZ. QX

- Meunfer (1982): NaOCT, H,0-CH,C1,, Q'

heterocyciic base as axial ligand

- Montanari (1985)}: NaOC1 at pH 9.5-10.5 (HOCI as oxidant}
. -
KZD»CHZCXZ without Q X

1ipophilic heteracycific base as axial Tigand

(Traylor, 198s)

Drawbacks
——2mdacks
- highly expensive

~ highly unstable

{can explode).

Coilman, Meunier (1984)

- Reaction rates fallow a Michaelis-Menten Kinetic eguation.

INFLUENCZ OF pH AND OF PHASE-TRANSFER CATALYST (D‘Xh)

- The r.d.t. of the catalytic cycte

Epoxidation races Progressively incrsase by Towering the aetal-oxene/olefin adduct

the pH of the aqueous NagCl solution from 12.7 to 9.5 setaila-oxetane).
pH oxidant in the organic phase
Q'X.
12.7 clo”
10.5 €107+ Koc1 HoC1
9.5 €107+ Hocy Hoc!

HOCY ig g, very weak aciq

(pl‘ = 7.54).

is the decomposition of

(often reportea as a




Conv, (%)

100 | L}
e 0
o __—0
'] /0
a
. /
Q
so |
- Intluence of pH on the oxidation of cyclooctene, catalyzed
by Hn-tetrapheny) porphyrin and N-hexylimidazole as extra
[s]

b base, at 25°C, pit 9.5 (8 0); pH 12.7 (m Q).
Full symbols: presence of phase-transfer catalyst.
Empty syabols: absence of phase-transfer catalyst.

MECHANISM of ALKENE EPOXIDATIONS
) N * e 150 by CIO~ and HOCI

t (min)

”* K, Dk,
1\ C Ma
L
HOCY
OPTINUM CONDITIONS FOR ALKENE EPOXIDATIONS PROMOTED 8Y wOC)
L
1T
0/'
HOC?, Mn-gorph., L [
~N rd N // \\ /
’,C-Q\ —_—— //C————t\\
CH,C1,-H,0
PH 9.5-10.5, 0°¢ o, Oxidising species
Mn’
[ pH 12.7 pH 9.5-10.8
L
clo” HOCI
Mr-porph.: L : alkene : HOCI [)
1 : 0-25 : 200 : 700
’c( CHy Yy
b 7 )
_p\,_u 2ehilic axial Igand (1) « [_/\X S ’ Mono- and bis-coordination constants can be obtained by
] ]
!
CeHlyz-n spectrophotometric measurements.
%
L+P ——w= PL (1)
%2
N (2)
PL+L === PL,

. (3)
X -k, ’Sz




{0,
[rd] - (8)

1 ek 1] ’flz[L]z

P =P + PL + PL
o 2

- P(L) is by far the most active species.
- The optimum L _/P_ ratios which afford the maximum initial
oo

concentration of P(L) can be calculated from equation (4).

For Hn(TZ.SClzPP)CI and N-hexylimidazole:

X, = 2000 WL p, . 2.5x10° (072). optimum caled. L /P = 1.5

Influence of L/P rattao on HOC! cyclooctene epoxidation.

Hn(fZ.SCIZPP)CI; Nehexy! imidazole; 0°C.

Conv %

100

When the affinity between Mn-oxene and alkene s Tow (as for
1-dodecene) an excess of 11gand is necessary in order to 504

balance its decomposition in the course of reaction,

The same occurs when K1 and ﬁ 2 values are low (as for

pH 9.5, empty symbois

Mn(THP)C1).
" ' , pH 10.5 full symobois

@ ligand/porphyrin
ratio

t(miny

At pH >12, a phase-transfar catalyst Q’X' is required.
Scarcely soivated and highly reactive anions (CIO'. CI'.
oK) are transferred by Q+ into the organic phase.

They displace the heterocyclic ligand (L), so that very high
amounts of L are required to avoid the decrease of P(L)

concentration.

With reactive substrates (e.g. cyclooctene) epoxidations can
be carried out at pH 9.5-10.5 (HOC! as oxidant) in the
absence of both L and Q‘X_‘

Rates are relatively low, but more than 106,000 tyrnovers
can be realized in 24 h at r.t. without appreciable lost of

the porphyrin,




Epoxidatians catalyzed by Hn(T2.6C12

pPICT.

4ec1/cio”

| —_—
« -oinene
AN
camphene
f)j\/
P he
isoorene (94)
ﬂzg,-HYDROCARBON OXYGENATIONS

First reports: Mansuy (1985, 1986)

(100}

(100}

(5) ﬂggz AS SINGLE OXYGEN ATOM DONOR

Yery high active oxygen content
readily availadle
cheap

HZO as the secondary produyct

0
~ e AN // \\ 7/
PN C C\
’?"’""202' Mn(T2,6C1,PP)CT
imidazole, 20°C, 1h
A m
R-CHZ-R' R-CH-R* + R-C-R'
| I
OH 4]
Orawback: huge amounts of imidazole {up to 60% mol. equiv.

with respect to the substrate).

Other -eports: Oegussa (1989)

WO(TPP)X a

C=C\ /C

852H,0,, 60°C, 1-6 h
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OUR INVESTIGATIONS

Essential requirements are:
- Chemically robust perphyrin (P}, e.g.: 1, 2, 3
- Lipophilic carboxylic acid (A), e.g. PhCOOH

- Lipophilic axial ligand (L), e.g. 4, 5§

1 Mn(TZ.SClZFP)CI

2 Mn(T2,6C1 JNOZPPlCI

2

3 Hn(TZ,SCIZ4N02PP)CI

)

CsHan

4 . ) 7 S




0
\,
Neac \ / N\ 7
= c -
- / i
J 30“”202' Mn-porphyrin (P), L, A
o CH,CI ° —
L 2 Z-HZO. pH 4.5-5.0, 0°C
R-CHZ-R' R-CH-R' + R-C-R!'
OH [}
P Lt A : substrate : JDI-HZDZ =
1 : 1-2: 5-20 : 200-2000 : 400-4000
22X DATION OF ZYCLOCCTENE IATALYIED 2Y
2.5C1,090C) 200 1034525, 20, O 4525 0
For both alkenes and alkanes: = e J
influence of RCQOH (A} ona of tne gxigl lagng (L).
Reaction time: 10-20 min
) Conv. (%)
Conversion : up to 1002
Rate {turnovers/min, at 3 min): up to 125 100 + /0

Total turnovers: up to 800.

n

T
r_/‘

Epoutencion of cyclosctene cataiyied by waiTz.sei eprct (0, V' 2Co0H e e
101‘“10 amd PRCOON.
103:M,0, amd PRCOON,

N . .

{nfluence of 11qsné/perpayrin ratto (1/?). @ #nCCCH 1 M

Q CH.LlCH 2 Z

Conv % L e A-nexyitesdazele :
2 HCOK 29 M
A PRCSCH 2 3

0°C, A/P =)

l
/ 7 ;
[y

“ A
30+
|‘ ‘/ ;/ /. 0.5 ;
é C/ / 4 ' ~-
Y4 C
‘l F/'/ e A
. / / ] a2
d "% .
-w/ .Ill ﬁm
q M -——
; ko
N
,/ PhCO,H PhGOOH
r [so] -
- - s e 2n ov z0 ¢t (mm
sl [sol
_0COPh  [g]
0 O‘ %LZ—, ‘m
N:‘"'v - Mf\" - Mn
T L
L L

REACTION MECHANISM

Reaction rates follow a Michaelis-Menten Kinetic equation.

Acyiperoxy intermediates cannot be the oxidising species in

the catalytic cycle. Indeed, {+) camphoric acid and (+)

camphorcarboxylic acid afford racemic epoxides from prochiral
alkenes.
Optically active epoxides are obtained with the

corresponding optically active peroxy-acids alone.



TURNOVER RATES® IN ALKANE OXYGENATIONS CATALYZED BY Mn-PORPHYRINS

301 uZOZE 303 uzozf Ku5059 uaclozﬁ Lioc1£ Mg-monoperaxys
Substrate L-A o' -y L-q*x” L-q*x” phthalate
{our resuits) {Maasuy) (Meunier) {Collman) {Meunier) (Ricci)
adamantane 96 (26) 0.6 3.3 - - 80
cyclooctane 125 (35) 0.3 - - - -
cyclohexane 50 { 9) 0.3 1.3 18 0.04 -

o

o

Moles of reacted substrate/moles of catalyst {(initial rates).
At 0°C. In parenthesis final rates.

At room temperature.

If the imidazole or pyridine axial ligand is connected
to the porpnyrin through a flexible chsin the very h%gh
complexation constants between these 1igands and
Mn{IIl)tetraaryiporphyrins would allow the spontaneous

coordination to the metal.

<>

STRUCTURED PORPHYRINS

gfficient catalysts in epoxidations promoted by NaOCI/O*X'.

Momenteau, Meunier (1988).

EPOXIDATION OF CYCLOOCTENE catalyzed by "tailed” parpayrins

NaOC1, pH 9.5. 0°C
conv. (%)

100 <

$0 -




o nas,10

Ar
cl
Ar Ar! Ar=
et n= 510
cl
Ar
—
o(cuz)s-uf\:l‘ 0(CH;)nCOOH  O(cH, ), oo
-0 0T 8
¢l ci 0(CHy)n =N =
-
Epoxydgtions with 30X H,0, gt 0°C in CH,Cl,-H,0, catglyzed by 1 2 3 :

Mn-porphyrins 1 gng 2.
1: PhCOOH: aiefin: HZOZ = 1:8:1000:2000

2:L:PhCOOH:0ief In: Hy0, = 1:1:8:1000:2000

Conv, % (L = N-hexylim{dazole)

100 A

Activation of "222

Covalently anchored carboxyifc acids
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£poxidation of cyclooctene: 1000 turmovers (4S5 min., 0°C)

Hydroxylation of cyclogctane: 150 turnovers (45 min., 0°C)

,




CHIRAL PORPHYRINS

{catalysts for asymmetric epoxidations)

<3

Groves (1983)

e.e. up to 48%.

N Mansuy (1985)

Groves (1990
e.e.

e.2. up to 50%.
epoxidations : up to 722

hydroxylations: up to 68%

Kodadek {1989}

e.2. up to 40% in

CONCLUSIONS olefin epoxidation

- Chemicaily robust metallo-porphyrins are synthetized in

satisfactory yieids.

- When heterocyclic bases are required as axial ligands, their
oxidative demoiftion is a limiting factor.

0,__reductive activation. Recent important resulits have been
-
achieved, however, strong limitations are due to the lack of

separation between the oxidant and the reducing agent.

Hoc1/c10”. Chemically robust metallo-porphyrins are capable of
several thousands turnovers (up to 100,000) in the epoxidation of

“reactive” alkenes carried out in the absence of axial Tigands.

301-H222. Highly activated by the synergistic effect of 11pophilic

carboxylic acids and heterocyclic bases (up to 800 turnovers,

initial rates 125 turnovers/min., at 0°C).

- Structured porphyrins in which a axial Tigand or a carboxylic

acid is connect§¢ to a chemicaily robust porphyrin moiety by a
single flexible chain are very effective catalysts in
oxygenation reactions promoted by HOC! and/or 3OS-NZDZ.

More complex structures are less syitable for practical

applications.




