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Apart from a few examples, B-(poly)fluorinated and B-(poly)-
perfluoroalkylated porphyrins were practically unknown
until recently. In particular, B-octafluoro-meso-tetraarylpor-
phyrins remained elusive ligands owing to the lack of any
convenient access. The aim of this microreview is to highlight

recent progress in the synthesis and characterization of f-
fluoroporphyrins and B-(perfluoroalkyl)porphyrins, two new
classes of so-called electron-deficient porphyrins.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

The last few decades have seen considerable advances in
the design and study of synthetic porphyrins.['l Reasons for
this unfailing interest mainly lie in the key role played by
the unique 18n-electron (aromatic) macrocycle in biological
systems containing hemes. Thus, an iron porphyrin moiety
is a common prosthetic group in many metalloenzymes
such as cytochrome P450-dependent mono-oxygenases
which catalyze the oxidation of unactivated C-H bonds
with only dioxygen and an electron source. In 1979, Groves
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et al. reported the ability of the iron(IIT) complex of
5,10,15,20-tetraphenylporphyrin [(TPP)FeCl] to mimic the
catalytic activity of cytochrome P450 in mono-oxygenation
reactions. In a model system using iodosylbenzene (PhIO)
as the oxygen source, this metalloporphyrin catalyzed the
epoxidation of cyclohexene and the hydroxylation of cyclo-
hexane.’l Nevertheless, this first-generation catalyst, con-
sisting of an unsubstituted core-planar tetraphenylporphy-
rin, suffered from a severe drawback: rapid destruction by
self-oxidation and, subsequently, low efficiency. Chang and
Ebina showed that the efficiency and stability of the com-
plexes [(TPP)Fe™Cl] and [(TPP)Mn™Cl] towards the oxid-
izing medium (PhIO) could be significantly improved by
introducing at the meso positions pentafluorophenyl
groups, giving rise to a set of second-generation catalysts.
It was suggested that the enhanced electron-deficiency of
the porphyrin would generate a more electrophilic metal—
oxo intermediate.l® High-turnover, high-yield alkene epox-
idation and alkane hydroxylation were achieved by Traylor
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et al. with iron(IIT) porphyrins bearing 2,6-dichlorophenyl
or pentachlorophenyl groups at the meso positions. The im-
provement observed was attributed both to the prevention
of the formation of p-oxo dimers by steric hindrance and
to the slowing down of the rate of oxidative destruction due
to the electronic effects of the meso substituents.*! Never-
theless, despite the substantial improvements gained with
second-generation catalysts, porphyrins with enhanced re-
dox potentials, able to resist oxidative destruction and exhi-
biting a high efficiency, were still needed. Metal complexes
of B-octahalogeno-meso-tetraarylporphyrins could in prin-
ciple fulfill these criteria. The first use of such a catalyst
was reported in 1987 by Traylor and Tsuchiya. The complex
[2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetrakis(2,6-di-
chlorophenyl)porphinatoliron(III) chloride [(B-BrgTDCPP)-
FeCl] was found to be remarkably stable towards destruc-
tion and efficient in the hydroxylation of norbornane in the
presence of PhIO as compared with the B-hydrogenated
counterpart [(TDCPP)FeCl].I>] This finding has spurred on
extensive studies on third-generation porphyrins deriving
from the second-generation ones by introducing a variable
number of strong electron-withdrawing substituents such as
halogens (see below), cyano,l or nitrol’!l groups into the
pyrrolic B positions. Besides mimicking the mono-oxygena-
tion process in model systems such as the epoxidation of
alkenes or the hydroxylation of alkanes and aromatic
rings,[®l metalloporphyrins can mediate other hydrocarbon-
functionalization reactions such as aziridination,!} the cy-
clopropanation of alkenes,”®!'% or the amidation of satu-
rated C—H bonds.”>!!] Moreover, porphyrins form a class
of chromophores with a wide range of applications, for ex-
ample, they have uses in photodynamic therapy (PDT),!!?!
multiporphyrin arrays,'3 and in various other material ap-
plications."* As a result of these efforts, a large number of
sterically and electronically modified porphyrins have been
reported. This microreview will focus mainly on genuine 3-
fluoroporphyrins and on a related class of highly “electron-
deficient” ligands, B-(perfluoroalkyl)porphyrins. It intends
to cover our own findings in the field as well as literature
results. Apart from a few exceptions, meso-fluorination or
-perfluoroalkylation will not be considered here.

2. B-Fluoroporphyrins
2.1 Direct f-Halogenation

Until the two first reports on authentic B-octafluoro-
meso-tetraarylporphyrins were published in 1997 by two in-
dependent groups,!'>1°1 most of the studies devoted to P-
(poly)haloporphyrins were confined to the halogens bro-
mine and chlorine.'”! Preparations of B-(poly)bromo- or B-
(poly)chloroporphyrins generally involve the direct haloge-
nation of a preformed free-base porphyrin or a metal deriv-
ative. For example, electrophilic bromination of (TPP)H,
with N-bromosuccinimide (NBS) in refluxing chloroform
led to a mixture of (B-Br,TPP)H, (where x = 1-4).[!8
Higher degrees of bromination (x = 5-8) could be reached
by the reaction of various metalloporphyrins with NBS.[>-1°]
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The porphyrin (B-BrgTPP)H, has also been conveniently
prepared by the reaction of bromine with [(TPP)Cu'f] and
subsequent demetalation.?°?  Under these conditions,
5,10,15,20-tetrakis(3’,5’-dimethoxyphenyl)porphinato cop-
per(IT) was brominated at the eight B-pyrrole positions and
at the eight o-phenyl positions.?°?! Similarly, B-octachlorin-
ation was accomplished with N-chlorosuccinimide (NCS)
or chlorine, although extra chlorination of the meso-phenyl
groups might also be observed.['°2!4] For example, the por-
phyrin (B-CIgTPP)H, was obtained by the chlorination of
the nickel(II) complex of (TPP)H, with NCS,?!®21¢l while
the use of chlorine and FeCl; led to B-octachlorination of
the complex [(TDCPP)FeCl].>'® On the other hand,
the zinc(Il) complexes [(TDCPP)Zn], [(TPFPP)Zn]
[{5,10,15,20-tetrakis(pentafluorophenyl)porphinato} Zn'"],
or [(TPP)Zn] have been successfully B-octachlorinated by
using NCS under irradiation.!!??! Recently, Senge et al. pre-
pared in low yields the zinc(II) and nickel(IT) complexes of
2,3,7,8,12,13,17,18-octachloroporphyrin by the reaction of
3.,4-dichloro-1H-pyrrole with formaldehyde and p-tolu-
enesulfonic acid (PTSA) catalysis followed by oxidation
with Ag,O. The very insoluble free-base porphyrin could
neither be isolated nor characterized.?

By analogy with the bromination and chlorination reac-
tions cited above, the direct fluorination of porphyrins with
molecular fluorine was attractive, although fluorination of
pyrrole gave only tars.[*’l In 1989, Tsuchiya and Seno re-
ported a preparation of [2,3,7,8,12,13,17,18-octafluoro-
5,10,15,20-tetrakis(pentafluorophenyl)porphinato]iron(III)
chloride [(B-FsTPFPP)FeCl]: “The fluorination of pyrrole
protons of Zn complex 3 was performed by cobalt fluoride
in dichloromethane and N-containing aromatic solvent, or
silver fluoride in dichloromethane”,?* where Zn complex
3 was [(TPFPP)Zn]. Besides the lack of any reproducible
experimental details, identification of the purported B-oc-
tafluorinated compounds was minimal as well as erratic. In
particular, the porphyrins [(B-FgTPFPP)Zn] and (B-
FsTPFPP)H, had absorption spectra featuring redshifted
Soret bands (at 441 and 430 nm, respectively) compared
with their unfluorinated counterparts.** In contrast, wel!”!
and others!'® found that the authentic, fully characterized
compounds display blueshifted Soret bands. In a patent,
Ellis and Lyons mentioned the fluorination of the same zinc
complex with dilute fluorine in the presence of trace
amounts of cobalt fluoride or silver(Il) fluoride.[>>] Neither
the experimental data nor the details of the characterization
of the compound obtained were given. In our hands, at-
tempted fluorination of [(TPFPP)Zn] with dilute fluorine
(2% in nitrogen) at —10 °C in dichloromethane gave an in-
tractable mixture. This approach was finally discarded to
the benefit of an expectedly more controllable route,
namely, an elaboration of the B-octafluorinated porphyrin
macrocycle from a B-fluorinated pyrrole unit.

2.2 The First (Partially) p-Fluorinated Porphyrins

Up to 1997, the only reliable literature reports on B-fluo-
roporphyrins were those of the Ogoshi and Suzuki groups.
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Ogoshi and co-workers prepared the first example of a ring-
fluorinated porphyrin, 2,7,12,17-tetrafluoro-3,8,13,18-tet-
ramethylporphyrin (6). This compound was obtained in 2%
yield by tetramerization in the presence of potassium hexa-
cyanoferrate(I11) of 4-fluoro-5-hydroxymethyl-3-methylpyr-
role-2-carboxylic acid (5) (Scheme 1). This latter was pre-
pared from pyrrole 1 through a multistep sequence involv-
ing at the fluorination step a modified Schiemann reaction,
that is, the photolysis of the pyrrole-f-diazonium tetrafluo-
roborate salt 3.2

HC ~ H H,C.  NH,
o
EtO,C™ >N~ ~CH, EtO,C™ N CH,
H H
1 2
2+
H,C N"BF, H,C F
EtO,C™ >\~ ~CH, HO,C N CH,
H H
3 4
H,C F
H,C F F CH,
/Z—ﬁ\ K4Fe(CN)q
HO,C™ " ~CH,OH
H
H,C F
5
F g CH
Scheme 1.

Suzuki et al.l?’ reported the total syntheses of 1-fluoro-
1-demethylmesoporphyrin-IX (9) and its zinc(Il) and
iron(ITT) derivatives. This latter, after saponification of the
ester groups, formed a stable reconstituted hemin with
whale sperm apomyoglobin. The introduction of fluorine at
a peripheral position served as a probe through the high-
and low-spin states of the iron(III) complexes. The synthetic
route to 9 involved a “2+2” condensation of two dipyrro-
methene units 7 and 8 (Scheme 2). The fluorinated dipyrro-
methene 7 was obtained by condensation (47% HBr in
methanol) of 3-fluoro-2-methyl-4-ethylpyrrole with 2-for-
myl-3-methyl-4-ethylpyrrole. The fluoropyrrole was pre-
pared by thermal decarboxylation of the 3-ethyl analogue
of the acid 5. Some other ring-monofluorinated porphyrins
and iron(I1l) derivatives have been prepared following the
same methodology.[?7?]

Yamamoto and co-workers®®! synthesized the C,-sym-
metric hemin [13,17-bis(2-methoxycarbonylethyl)-3,7-di-
fluoro-2,8,12,18-tetramethylporphinatoJiron(IIl)  chloride
[11(FeCl)] and incorporated it into sperm whale apomyo-
globin (Mb) to investigate the effect of protein-induced
rhombic perturbations on the electronic structure of the
active site of myoglobin by using '°F NMR spectroscopy.
The synthetic route to this hemin involved the copper-medi-
ated cyclization of the difluorobiladiene-ac 10, prepared, in-
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ter alia, from 4-fluoro-2-formyl-3,5-dimethylpyrrole, into
the intermediate copper(IT) complex [11(Cu)] which was de-
metalated with concentrated sulfuric acid at 0 °C to give the
free-base 11 (Scheme 3).

F v Pu F
— — Cu(OAc),
s AL WP ridine
N N N by
HBr H HBr H MeOH
10

H,SO,

F F £ F
PM PM PM PM
Py = -CH,CH,CO,Me

11(Cu) 1 M=2H
11(FeCl) M = FeCl

Scheme 3.

2.3 p-Octafluoroporphyrins

2.3.1 Synthesis of the Pyrrolic Precursors

Since the feasibility of a direct B-octafluorination of a
free-base porphyrin or a metalated derivative remained hy-
pothetical, we looked for an elaboration of the porphyrin
macrocycle by using a 3,4-difluoropyrrole unit. Although
one fluorine atom could be introduced at a pyrrole B posi-
tion by, for example, a Balz—Schiemann reaction,*®?7! in-
troduction of a second fluorine at the B’ position was prob-
lematic. Based on our early work on the synthesis of vari-
ous B-fluoropyrroles,*’! we reported in 1994 the first prepa-
ration of 3,4-difluoro-1H-pyrrole (18).13% The first step of
the synthetic route involved a [2+3] thermal cycloaddition
of an N-protected aziridine 12 with chlorotrifluoroethylene
(Scheme 4). A mixture of diastereo- and regioisomeric chlo-
rofluoropyrrolidines 13 was obtained in acceptable yields
(40-459%) despite harsh reaction conditions (heating at 180—
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200 °C in an autoclave). Aromatization of the pyrrolidine
mixture with sodium methoxide gave methyl 1-zert-butyl-
3.4-difluoropyrrole-2-carboxylate (14) as the sole product.
Subsequent dealkylation of the nitrogen atom with trifluo-
romethanesulfonic acid®*! afforded methyl 3,4-difluoro-1H-
pyrrole-2-carboxylate (16a) (54-72% yield) along with the
C-alkylated side-product, methyl 3,4-difluoro-5-zert-butyl-
1 H-pyrrole-2-carboxylate (15) (16a/15 = 80:20 to 65:35).
Saponification of the ester 16a gave 3,4-difluoro-1H-pyr-
role-2-carboxylic acid (17). Although 1-fert-butyl-3,4-di-
fluoropyrrole-2-carboxylic acid was cleanly decarboxylated
at 160 °C,1?°°! heating the infusible acid 17 at the same tem-
perature produced only a coal. Interestingly, 1-zerz-butyl-
3,4-difluoropyrrole remained unaffected on treatment with
triflic acid, confirming the participation of the ester group
of 14 in the dealkylation process. The reluctance of N-H
pyrrolecarboxylic acids bearing electron-withdrawing sub-
stituents to undergo decarboxylation is well known. For ex-
ample, 3,4-bis(trifluoromethyl)pyrrole-2-carboxylict*? and
4-(trifluoromethyl)pyrrole-3-carboxylicl*??! acids failed to
decarboxylate on dry heating whether in the presence of
copper powder or not. So we initially focused our attention
on the method of Loader and co-workers for the decarbox-
ylation of deactivated pyrrolecarboxylic acids.[3*1 Their
procedure used barium-promoted copper chromite as cata-
lyst in quinoline at 200 °C and the volume of carbon diox-
ide evolved was monitored. When applied to the acid 17,
rapid decarboxylation occurred but recovery of 3,4-di-
fluoro-1H-pyrrole (18) from the quinoline proved to be deli-
cate owing to its low molecular weight and high vapor pres-
sure. Clearly, this low-yielding procedure was unsuitable for
this particular compound. In fact, simple flash-thermolysis
of a mixture of 17 and copper-bronze powder at 180 °C in
an evacuated stoppered glass tube afforded pure 3,4-difluo-
ropyrrole (18) in 70-80% yields after purification by vac-
uum transfer (0.05 Torr) at room temperature into a cold
(=70 °C) receiver.

co,Me

ANV CF2 =CFCl

N CO,Me CO,Me

C(CHy), 180 200 °C C(CH

12 13

MeONa
MeOH
FF
Co,Me (CH COMe™ cH,Cl, C| N cOo,Me
.'4 C(CH,),
16a 15 14
KOH
EtOH
F F F F
z—g\ copper bronze ;/ \<
N CO,H 4 min, 180 °C ’?‘
b H
17 18

Scheme 4.
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Incidentally, the ester 16a appeared to be a good sub-
strate for the synthesis of symmetrical 1,9-unsubstituted B-
tetrafluorodipyrromethanes. Such compounds are impor-
tant building blocks for the rational synthesis of variously
meso-substituted tetraarylporphyrins, for example, trans-
A5B,, by the MacDonald-type “2+2” condensation route
or related methods.*3 When methyl 3,4-difluoro-1H-pyr-
role-2-carboxylate (16a) was treated with dimethoxymeth-
ane in CH,Cl, at room temperature in the presence of bo-
ron trifluoride—diethyl ether (BF3-Et,0), the corresponding
1,9-bis(methoxycarbonyl)-2,3,7,8-tetrafluorodipyrromethane
(19a) formed sluggishly (ca. 72 h, 85% yield) (Scheme 5).
The access to the desired 1,9-unsubstituted 2,3,7,8-tetra-
fluorodipyrromethane (21) required a thermal decarboxyl-
ation of the intermediate diacid 20. As clean saponification
of the methyl diester 19a failed, the benzyl diester 19b was
prepared from pyrrole 16b under the same conditions as
dipyrromethane 19a (56% yield), in view of its smooth de-
benzylation. None of the various methods tested was suc-
cessful, for example, H,/Pd-C, 1,4-cyclohexadiene/Pd-C,
or Et3SiH/Pd(OAc),. Since 5-aryl-substituted dipyrro-
methanes were more specifically required for the synthesis
of, inter alia, B-octafluorinated trans-A,B, porphyrins, the
pyrrole 16a was condensed with benzaldehyde under the
same conditions to give 1,9-bis(methoxycarbonyl)-2,3,7,8-
tetrafluoro-5-phenyldipyrromethane (22) (7d at room
temp., 60% yield). Again, clean preparation of the free di-
acid was unsuccessful.

F " F
F F CH,(OMe), R
Z—g\ orPhcHo F & @ F
COR oo -, N N
’Tl 2 BF,-Et,0 H H
R R
0 CH,CI,
16a R = Me 19a R'=CO,Me,R"=H
16b R =CH,Ph 19b R =CO,CH,Ph, R" =H
20 R'=CO,H,R"=H
21 R'=R"'=H
22 R'=CO,Me, R"=Ph
Scheme 5.

In 1998, DiMagno and co-workers reported an alterna-
tive method for the synthesis of 3,4-difluoro-1H-pyrrole
(18) starting from the commercially available tetrafluo-
rosuccinic acid 23.B4 The synthetic route is outlined in
Scheme 6 and involves the dehydration/cyclization of
3.3.,4,4-tetrafluorosuccinamide (24) into 3,3,4,4-tetrafluo-
rosuccinimide (25). This latter was reduced to 3,3.4,4-tetra-
fluoropyrrolidine (26) either by lithium aluminium hydride
in diethyl ether, giving the free-base, or by borane in THF,
affording tetrafluoropyrrolidinium chloride after quenching
by hydrogen chloride. The last step leading to 3,4-difluo-
ropyrrole (18) implied a double H-F elimination and
proved to be delicate. During our own study of this route
15 years ago we failed to aromatize the pyrrolidine 26 or its
N-Boc derivative 27, for example, with sodium methoxide in
methanol. Many conditions to effect the H-F elimination,
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rendered difficult by the poor leaving-group ability of the
fluoride ion and the nonactivation of protons in the 2 posi-
tion (an E,4,-like mechanism was invoked), have been sur-
veyed.’* Finally, a mixture of potassium tert-butoxide in
DMSO appeared to be the best compromise in terms of
handling, recovery, and yield (ca. 50%) considering the ex-
ceptional physical properties of 3,4-difluoropyrrole (18)
which is a highly volatile, easily sublimating solid (m.p.
45 °C).B4

NP 25t NP
H steps  HN
O on 2R KISy,

o F F o F F
23 24
H,SO,
140-180 °C

or L|AIH4 o

‘ CI-

26 \3‘0020 25
tBuOK
DMSO

F F
N F F
Z/ \§ N
H Boc
18 27

Scheme 6.

2.3.2 Synthesis of p-Octafluoroporphyrins

At the onset, we looked to synthesize the parent free-
base 2,3,7,8,12,13,17,18-octafluoroporphyrin starting from
the unstable 3,4-difluoro-2-(hydroxymethyl)pyrrole (29) ob-
tained either by reduction of the ester 16 or by that of the
aldehyde 28 with lithium aluminium hydride in diethyl ether

(Scheme 7).
FF FF
LiAIH,
[ o L d

N CO,Me N CHO E’(2 CH,OH

H H

16 28 29
Scheme 7.

Attempts at the PTSA-catalyzed condensation/cycliza-
tion of pyrrole 29 with an excess of dimethoxymethane as
a dehydrating agent and subsequent oxidation of the inter-
mediate octafluoroporphyrinogen with o-chloranil were un-
successful. Nevertheless, the presence of the porphyrinogen
was detected once by mass spectrometry but this result was
irreproducible.?! Faced with these deceptive results, the
synthesis of B-octafluoroporphyrins bearing meso-tetraaryl
substituents was undertaken, starting from 3,4-difluoropyr-
role (18) and following the two-step one-flask procedure de-
scribed by Lindsey et al.[3¢]
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Welll and Woller and DiMagno!'® simultaneously re-
ported the first synthesis of such B-octafluoro-meso-tetraar-
ylporphyrins by using around 102 M solutions of 3,4-di-
fluoropyrrole (18) and the corresponding aryl aldehyde 30
in dichloromethane at room temperature with BF5-Et,O as
catalyst (ca. 103 M to stoichiometric). The first B-octa-
fluoro-meso-tetraphenylporphyrin we isolated, (B-FgTPP)-
H, (32a), was prepared from benzaldehyde and 3,4-difluo-
ropyrrole (18). The corresponding B-octafluoroporphyrin-
ogen (31a) formed reversibly was identified by mass spec-
trometry (CI+NH3;) and was irreversibly oxidized by
2,3-dichloro-5,6-dicyano-1,4-benzoquinone  (DDQ) into
2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetraphenylpor-
phyrin (32a). Other representative examples were obtained
by following the same procedure (see Scheme 8).57-381 Yields
were in the range 15-40%, generally close to those obtained
when condensing pyrrole with the same aldehydes. The two
water-soluble, free-base porphyrins 32h and 32i were pre-
pared in good yields by sulfonation in heated fuming sulfu-
ric acid of the porphyrins 32a and 32g, respectively. No de-
tectable quantity of partially sulfonated material was
formed.[3®] Metalation of the free-bases 32 was mostly ac-
complished by using standard conditions.

F F F Ar H F
F F

A

N BF;-Et,0 H Ar

| —_—

H Ar H

18

+ F F
4 ArCHO (30) FE HA F

31

a Ar = phenyll'5.16]

b Ar = pentafluorophenyl! (PFP)[15.16]

¢ Ar = 2,6-dichlorophenyl (DCP)I52]

d Ar = 3-methoxyphenyll'6l

e Ar = 4-methoxyphenyl37]

f Ar = 4-cyanophenyll®7]

g Ar = 2,6-difluorophenyli38l

h Ar = 3-sulfonatophenyll3l

i Ar = 2,6-difluoro-3-sulfonatophenyl(s8l

F Ar F
F F
DDQ metalation
— Ar r —————> 32(M)
F F
F Ar F
32
Scheme 8.

Although the Lindsey procedure has been widely used
for the preparation of sensitive porphyrins, it suffers from
some drawbacks, particularly the tedious purification steps
by column chromatography owing to the large amount of
quinone used as oxidant. We have reinvestigated this point

WWW.EUrjoc.org 421



MICROREVIEW

J. Leroy, A. Bondon

by using an electrochemical instead of a chemical oxidation
of preformed porphyrinogens. Although catalytic amounts
of DDQ were necessary in the case of pyrrole and 3-fluoro-
1 H-pyrrole (34) (see below), the porphyrinogen obtained by
condensation of 3,4-difluoropyrrole (18) with benzaldehyde
or pentafluorobenzaldehyde could be directly oxidized at
1.2-1.45V vs. SCE without any mediator in a sulfuric
methanolic medium. The total yields (from 18) were close
to those obtained under standard Lindsey conditions (21—
41%).13%

2.3.3 Solid-State Structures of f-Octafluoro-meso-
tetraarylporphyrin Derivatives

Owing to the small radius of fluorine and by comparison
with the crystal structure of B-octabromo- and B-octa-
chloro-meso-tetraarylporphyrinsi*?! it might be anticipated
that B-octafluoro-meso-tetraarylporphyrins would display a
quasiplanar structure like the benchmark meso-tetraphen-
ylporphyrin (TPP)H,. This was confirmed by the X-ray
crystal structure determination of 2,3,7,8,12,13,17,18-
octafluoro-5,10,15,20-tetrakis(pentafluorophenyl)porphy-
rin,*1 (B-F¢TPFPP)H, (32b), (Figure 1) and its zinc(II)
complex [(B-F¢TPFPP)Zn]!'®! [32b(Zn)]. In contrast, the
perhalogenated analogues (B-CIsTPFPP)H, and (B-
BrgyTPFPP)H, and some of their metal complexes were
found to display a substantial saddle distortion culminating
in the bulky bromine.['°4-42 The same trend in planarity was
also reported for the Co™31 and Rh™*4 complexes of (B-
FsTPFPP)H,, while the porphyrin ring of the perfluori-
nated platinum complex [(B-FgTPFPP)Pt"] [32b(Pt)] exists
in a slightly saddle-shaped conformation.[*] The X-ray
crystal structures of the ruthenium complexes [(B-
FsTPFPP)(CO)Ru"] and [(B-FsTPFPP)(PPhs),Ru'] have
been determined.™® Although the first complex was essen-
tially planar, appreciable puckering was observed in the sec-
ond. The pentafluorophenyl groups are generally nearly or-
thogonal to the porphyrin core to relieve steric encum-
brance between the C4F5 rings and the B-pyrrolic fluorine
atoms at the porphyrin periphery.[!-41-43]

Figure 1. Edge-on view of (B-FsTPFPP)H, (32b).

In stark contrast with most of the porphyrins cited
above, the cores of the five coordinate zinc(Il) complexes
[(B-FsTPP)Zn(H,O)'>)  (Figure2) and [(B-F¢TPP)-
Zn(THF)]#" [32a(Zn)] were found to be extensively saddled
with a superimposed smaller ruffling. The largest deviations
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from the porphyrin mean plane occurred at the fB-pyrrolic
carbon atoms (Cg) (0.59 A for the aquo complex vs. 0.43 A
for the THF complex). It was assumed that dissimilarities
in the solid-state distortions between the complexes [(j3-
FsTPP)Zn] and [(B-FsTPFPP)Zn] could originate in crystal
packing forces and that these fluorinated porphyrins reside
on shallow conformational potential energy surfaces.!!>#7]
Another possible explanation for the structural differences
lies in the details of B-fluorine-aryl interactions related to
the reversed quadrupolar charge distributions of the phenyl
and perfluorophenyl substituents.*”!

Figure 2. Perspective view of [(B-FsTPP)Zn(H,0)] [32a(Zn)] (from
ref.[13),

2.3.4 Spectroscopic Properties of f-Octafluoro-meso-
tetraarylporphyrins

The 'H NMR spectra of the free-bases display upfield-
shifted NH resonances in comparison to the unfluorinated
counterparts, for example, —4.18 ppm for (B-FsTPP)H, ver-
sus —2.79 ppm for (TPP)H,.['>1] This chemical shift reveals
a solution structure in which highly symmetrical, planar
porphyrins exhibit nonconjugated orthogonal aryl
groups.['8 The free energy of activation AG™ for NH taut-
omerism of (B-F¢TPP)H, was estimated by '°F NMR vari-
able-temperature experiments to be around 13 kcalmol™!
compared with around 12 kcalmol™! for (TPP)H,.['>16]
This discrepancy has been attributed, inter alia, to a de-
creased basicity of the nitrogen sp? orbitals and a contrac-
tion of the NH bond in the inner-sphere proton transfer.[!6!

Remarkably, B-octafluorination of meso-tetraarylporphy-
rins resulted in large hypsochromic shifts of the electronic
absorption spectra relative to its unfluorinated counter-
parts, particularly in the Soret (B) band region. The lowest-
energy (Q) bands were also hypsochromically shifted com-
pared with the corresponding bands of TPPs (free-bases
and metal complexes). Some selected values are listed in
Table 1. This effect was observed for the free-bases (en-
tries 2 and 4) as well as for their metal complexes (entries 6
and 8). In addition, the B(0,0)-Q(0,0) spectral splitting is
particularly large, decreasing in the order (B-FsTPFPP)X >
(B-FsTPP)X > (TPP)X (where X = H,, Zn,l'9) or Ptl*3]),
The shifts of the absorption bands to higher energy were
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attributed to the m-electron donation from the B-fluorines
destabilizing the e, LUMO orbitals in Gouterman’s four-
orbital model. The increased orthogonality of the aryl rings
was thought to also contribute to the blueshift by minimiz-
ing the conjugative interactions at the meso positions.*”! In
contrast, the introduction of chlorine or bromine atoms
into the peripheral positions of the porphyrin macrocycle
resulted in large bathochromic shifts of the electronic ab-
sorption spectra commonly associated with severe non-
planar distortions usually studied only in the solid state.
Distortion destabilizes the HOMOs more than the LUMOs
and the HOMO-LUMO gap is narrowed. Conversely, the
incorporation of nonconjugated electron-withdrawing
groups such as halides at the B-pyrrolic positions stabilizes
the HOMOs and the LUMOs to roughly the same extent,
regardless of the conformational consequences of the sub-
stitution.[*¥4%1 Nonetheless, the widely accepted cause-and-
effect relationship between nonplanarity and bathochromic
spectral shifts remained in question.’® In the case of the
sterically encumbered porphyrins [(B-FsTPP)Zn] and [(B-
FsTPFPP)Zn] displaying clear structural differences in the
solid state, the optical spectra of crystalline (B-FsTPP)H,
(32a), [(B-FsTPP)Zn] [32a(Zn)], (B-FsTPFPP)H, (32b), [(B-
FsTPFPP)Zn] [32b(Zn)], (TPP)H,, and [(TPP)Zn] in a KBr
pellet have been compared with the spectra of the same
compound in solution.*’! Transfer to solution resulted in
no discernibly different shifts of the optical absorption
bands for the fluorinated porphyrins and finally no struc-
tural information could be drawn from a comparison of
the optical absorption spectra alone. In contrast to similar
ground-state absorption spectra, the steady-state emission
data for 32a and [32a(Zn)] showed large differences com-
pared with those of 32b and [32b(Zn)]. Although the two
former compounds showed broad emission spectra and
substantial absorption/emission Stokes shifts (544 and
701 cm ™', respectively), indicating a substantial excited-state
conformational reorganization, the two latter exhibited
emission spectra with fine structures and small Stokes shifts
(198 and 202 cm™!, respectively), indicating no significant
reorganization of nuclear coordinates in the excited states.
The quantum yields of fluorescence of the B-octafluorin-
ated compounds 32a and 32b and their Zn complexes were
slightly diminished compared with those of (TPP)H, and

Table 1. Selected UV/Vis data in CH,Cl,.
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[(TPP)Zn] but remained important for such extremely elec-
tron-deficient porphyrins. Fluorescence lifetimes were re-
duced compared with that of TPP. Nevertheless, the radia-
tive lifetimes were long compared with other strongly elec-
tron-deficient porphyrins. Finally, from the structural data
and the disparate excited-state behavior, it was assumed
that octafluorinated porphyrins 32a and [32a(Zn)] would
adopt nonplanar ground-state solution conformations com-
pared with planar for the perfluorinated 32b and [32b-
(Zn)]7)

2.3.5 Electrochemical Behavior of B-Octafluoro-meso-
tetraphenylporphyrins

The one-electron redox potentials of porphyrins often re-
flect the energy levels of the HOMOs and LUMOs of the
complexes. In particular, the differences between the first
oxidation and reduction potentials, neglecting solvation ef-
fects, give an indication of the energy of the first absorption
band of the porphyrins, this transition being principally a
HOMO-to-LUMO excitation.?°*311 The variation in the
oxidation (resp. reduction) potentials is related to the modi-
fications of the energy levels of the HOMOs (resp.
LUMOs). The redox potentials of the porphyrins 32a and
32b and their Zn'' complexes [32a(Zn)] and [32b(Zn)] have
been measured by cyclic voltammetry (see Table 2).[16-321
The voltammograms of the free-bases and zinc derivatives
exhibit four reversible waves, two in oxidation and two in
reduction. The B-octafluorinated porphyrin 32a displayed a
first oxidation potential at +1.25 and at —0.88 V for the first
reduction, corresponding to positive shifts of, respectively,
290 and 380 mV compared with (TPP)H,.I*?l Perfluorina-
tion of [(TPP)Zn] resulted in 900 and 700 mV positive shifts
of these potentials.'® In accordance with the lowering of
the energy levels of both the HOMOs and the LUMOs due
to B-fluorination, the porphyrin ring oxidation is rendered
more difficult while reduction becomes easier when com-
pared with the unfluorinated counterparts. This effect was
also found for the platinum(II) complex [(B-FsTPFPP)Pt].
Cyclic voltammetry showed no porphyrin-centered oxi-
dation at potentials =1.5 V (vs. Ag/AgNOs), demonstrating
that this complex is more resistant to oxidation than
[(TPFPP)Pt] (E%: = 1.33 V) and [(TPP)P{] (E% = 0.97 V).
The porphyrin-centered reduction of [(B-FsTPFPP)Pt] oc-
curred at —0.75 and —1.18 V, that is, anodically shifted com-
pared with the reductions at —1.06 and -1.55V for
[(TPFPP)Pt] and at —1.51 V for [(TPP)Pt], respectively.[*’]

Entry  Compound Soret band Q bands
;L’n]'dX [nm] ;L’max [nm]
1 (TPP)H, /<l 419 516, 550, 593, 651
2 (B-FsTPP)H, (32a)-<] 404 500, 534, 581, 637
3 (TPFPP)H,><! 411 505, 582, 638 Table 2. Selected electrochemical data in CH,Cl, (V vs. SCE).[
4 (B-FsTPFPP)H,[><I (32b) 392 493, 578, 633 +2/+1 +1/0 /-1 1/-2
5 [(TPP)Zn]><) 418 547, 584 Compound £ £ E° £
[(B-Fs TPP)Zn]f*<! (TPP)H, 1.28 0.96 126 -1.58
6 [32a(Zn)] 410 540, 571 (B-FsTPP)H, (32a) 1.62 125 -088 -1l
7 [(TPEPP)Zn]<l 415 545, 578 [(TPP)Zn] 112 0.82 139 156
(B-[FsTPFPP)Zn]b<! [(B-FsTPP)Zn] B B
8 (32b(zm)] 408 538 (320 1.24 1.12 1.08 1.34
[a] From ref.'3] [b] From ref.>? [c] See also ref.['%] [a] From ref.>?! See also ref.['°]
Eur. J. Org. Chem. 2008, 417-433 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.EUrjoc.org 423
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2.3.6 B-Octafluoro-meso-tetraphenylporphyrins in Catalysis

Synthetic metalloporphyrins have been widely studied as
oxygenation catalysts in hydroxylations and epoxidations
with various oxygen sources and different coordinating
metals, for example, iron, manganese, or ruthenium. Owing
to the high redox potentials measured for metalated B-oc-
tafluoro-meso-tetraarylporphyrins, it was anticipated that
such complexes should offer resistance to oxidative decom-
position and exhibit a very high efficiency in oxidation ca-
talysis.

Iron Complexes: Bondon and co-workers reported the
first use of B-octafluoro-meso-tetraphenylporphyrin iron-
(IIT) complexes as catalysts for mono-oxygenation reac-
tions.’3] The pentacoordinate iron(III) complexes [(B-
FgTPP)FeCl] [32a(FeCl)], [(B-FsTPFPP)FeCl] [32b(FeCl)],
and [(B-FsTDCPP)FeCl] [32¢(FeCl)] were obtained from
the corresponding free-bases with FeCl,4H,O in refluxing
DMF (Figure 3).

F Ar F
F F
Ar Ar a Ar=CgHg
b Ar=CgF,
F F ¢ Ar=(2,6-Cl,)C4H,
F F M = Fe''Cl
Ar = Mn"'Cl or Mn'!
32(M) =Mn"CIO,

Figure 3. Metalated B-octafluoro-meso-tetraarylporphyrins used in
catalysis.

The stability of iron porphyrins against oxidative degra-
dation has been studied at room temperature under aerobic
conditions with an oxidant-to-catalyst ratio of 100:1 by me-
asuring the decrease of the Soret absorption band after
15 min. With PhIO, the introduction of fluorine resulted in
a moderate improvement in stability for the two first por-
phyrins with respect to their unfluorinated counterparts.
Although the complex [(TDCPP)FeCl] is known to be un-
usually stable,?->4 its fluorinated analogue [32¢c(FeCl)] is
partially decomposed. With hydrogen peroxide (H»O,), a
decrease in stability upon PB-fluorination is observed as
compared with the hydrogenated analogues. The catalytic
activity of the same iron porphyrins in hydroxylation and
epoxidation reactions with PhIO and H,O, has been evalu-
ated. With PhIO, both cyclohexane and cyclooctene conver-
sions are clearly improved with [32a(FeCl)] and [32¢(FeCl)]
despite the instability of these complexes towards the oxi-
dant. With H,O,, the B-fluorination did not increase the
efficiency of these catalysts which remained poorly active.
Except for a very low activity observed with the complex
[32b(FeCl)], none of the catalysts studied hydroxylated ben-
zene.S

Manganese Complexes: -Octafluorinated manganese(II)
and (III) complexes have been prepared and assayed for ca-
talysis (Figure 3).5°! The manganese complexes of the same
fluorinated free-bases cited above were prepared by using
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[Mn(OAc),"4H,0] in refluxing DMF. Pure [(B-FsTPP)-
Mn!!] [32a(Mn)] was obtained when the reaction was per-
formed under anaerobic conditions, whereas manganese(I1)
complexes were always isolated even after prolonged re-
fluxing under aerobic conditions with the B-FgTPFPP and
B-FsTDCPP porphyrins. The complexes [(B-FsTPFPP)-
Mn'"] [32b(Mn)] and [(B-FgTDCPP)Mn!| [32¢(Mn)] were
stable in air in contrast to [32a(Mn)] which slowly oxidized
in the solid state. The complex [(B-FgTPP)Mn!CI]
[32a(MnCl)] was obtained by auto-oxidation of [32a(Mmn)],
but attempts to isolate pure [(B-FsTPFPP)Mn!CI]
[32b(MnCl)] were unsuccessful as this latter is readily re-
duced to the Mn'" complex. Nevertheless, the correspond-
ing perchloratomanganese(I1I) complex [32b(MnClO,)]
could be obtained in solution by adding iron perchlorate.
The complex [(B-FgTDCPP)Mn!Cl] [32¢(MnCl)] was pre-
pared by oxidation of [32¢(Mmn)] with iron perchlorate or
the ferricinium salt. The manganese(I) complexes display
a hypsochromic shift of 13-16 nm when compared with the
B-hydrogenated counterparts. The manganese(IIl) deriva-
tives exhibit a blueshift of only 3—4 nm for the Soret absorp-
tion band which is found at 474 nm for [32a(MnCl)] and
[32¢(MnCl)]. The redox potentials for the manganese com-
plexes have been determined by cyclic voltammetry. All
complexes undergo a reversible Mn'/Mn™" process, for ex-
ample, at £ = 0.16 V for [(B-FgTPP)Mn] compared with
—0.34 V for [(TPP)Mn] (in CH,Cl,, V vs. SCE).[>

The catalytic behavior of the manganese complexes with
PhIO and H,O, as oxidants has been studied by UV/Vis
spectroscopy.®>! The robustness of the manganese com-
plexes towards the oxidant in the absence of substrate has
been evaluated. With PhIO, 1-methylimidazole (Melm) was
used as co-catalyst and cyclooctene was added prior to
measurement to convert high-valent manganese species
Mn'"V into Mn'™ derivatives. With or without a co-catalyst,
the B-fluorinated Mn™ or Mn™ complexes are as robust
as the hydrogenated counterparts, the sterically protected
compounds with the framework TDCPP being particularly
stable even under drastic conditions. The activities of the -
fluorinated Mn'! or Mn'!! catalysts in cyclooctene epoxid-
ation were very similar and comparable to those obtained
with the B-hydrogenated analogues. The best yields (ca.
73%) were obtained with the TDCPP complexes. Similar
activities were found for the Mn" and Mn'" catalysts in
cyclohexane hydroxylation in the presence of Melm. The
best yield of cyclohexanol (33%) was obtained with [(B-
FsTPFPP)Mn'"] [32b(Mn)]. As in the epoxidation reaction,
the catalytic activity depends on the nature of the aryl
group, the phenyl one being the least active. Oxidation with
H,>0, was also examined in the absence of substrate. Aceto-
nitrile, usually used to dilute hydrogen peroxide, prevents
the oxidation of complexes [32b(Mn)] and [32¢(Mn)]. More-
over, this solvent induces the reduction of [32¢(MnCl)] to
the Mn!f complex. Finally, methanol was used as co-solvent
but under these conditions the most electron-deficient com-
plex [(B-FsTPFPP)Mn'"] [32b(Mn)] was found to be unreac-
tive towards H,O,. The epoxidation of cyclooctene with
ammonium acetate as co-catalyst was studied in mixtures
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of dichloromethane/acetonitrile or in methanol. Not sur-
prisingly, the complex [32b(Mn)] was inactive in these sol-
vents but the use of acetone as co-solvent and H,O, in an
eight-fold excess led to a 32% yield of epoxide versus 44 %
for the hydrogenated analogue. Under the same conditions,
oxidation of cyclohexane led to a low yield of (ol + one), 9
versus 4% with [(TPFPP)Mn!!'C]].[>%!

Ruthenium Complexes: Che et al.[*¢ reported the prepa-
ration and characterization of B-octafluorinated ruthenium
porphyrin complexes [(B-FsTPFPP)(CO)Ru'] [32b{Ru-
(CO)}), [(B-FsTPFPP)(PPh;s),Ru'"] [32b{Ru(PPhs),}], and
[(B-FsTPFPP)(O,)Ru¥"] [32b{Ru(0,)}]. The dioxorutheni-
um(VI) porphyrin complex was prepared by oxidation of
the carbonyl complex with MCPBA. As outlined above, the
crystal structures of the two Ru'! complexes showed that
the porphyrin rings are essentially planar. Like its f-hydro-
genated counterpart, the complex [(B-FgTPFPP)(O,)Ru"]
was reactive towards stoichiometric hydrocarbon oxidation
at room temperature. Variously para-substituted styrenes
have been oxidized in good yields and other benchmark
substrates have also been used, for example, cyclohexene,
norbornene, ethylbenzene, and xanthene. The second-order
rate constants (k,) for the oxidation of alkenes have been
determined, inter alia, for the complexes [(B-FsTPFPP)-
(0)RuVT] and its PB-hydrogenated analogue [(TPFPP)-
(O,)RuV"]. The results showed a significant B-fluorination-
induced rate acceleration. For example, styrene was oxid-
ized about 12 times faster with the fluorinated complex
than with the hydrogenated one while C-H bond oxidation
of xanthene was accelerated by a factor of around 16. A
linear correlation between logk, and E, (Ru¥"V) has been
shown, that is, k, for the oxidation of a given substrate, for
example, styrene or ethylbenzene, increases with the ease
of reduction of Ru¥! to Ru". Similarly, a linear correlation
between the log of the rate constants and the bond dissoci-
ation energies of C—H bonds has been found, providing evi-
dence for hydrogen-atom abstraction in the oxidation of hy-
drocarbons by dioxoruthenium(VI) complexes.[462]

Zhang and Chel*®®! also examined the catalytic activity
of the perfluorinated complex [(B-FsTPFPP)(CO)Ru"]
[32b{Ru(CO)}] towards the epoxidation of styrene with 2,6-
dichloropyridine N-oxide (2,6-CI,PyNO), PhIO, or tert-bu-
tyl hydroperoxide (TBHP) as oxidants. Surprisingly, [(-
F¢TPFPP)(CO)Ru'] was a less efficient catalyst than
[(TPFPP)(CO)Ru"], even exhibiting a lower catalytic effi-
ciency than [(TDCPP)(CO)Ru"]. For example, with 2,6-
CL,PyNO as oxidant, less than 5% conversion was reached
after 24 h, with styrene oxide, benzaldehyde, and phenylace-
taldehyde formed in a ratio of 32:64:4. Under the same con-
ditions, with [(TPFPP)(CO)Ru'Y], the conversion was 54%
with a ratio of oxidized compounds of 67:20:13. Similar
findings were found with PhIO or TBHP as the terminal
oxidant. Thus, [(B-FgTPFPP)(CO)Ru"] was not an effective
catalyst for oxidation.[4P]

Cobalt Complexes: Despite anticipated impediments in-
trinsic to the nature of cobalt(Il), DiMagno and co-workers
have shown that spin-state modulation of a six-coordinate
Co' center in PB-octafluoroporphyrins was accessible
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through substantial reduction of the in-plane ligand field
by the peripheral electron-withdrawing fluorines with con-
comitant reduction of nitrogen core basicity.*3! In this
study, the compounds [(B-FsTPP)Co'] [32a(Co)] and [(B-
FsTPFPP)Co'"] [32b(Co)] were prepared by deprotonation
of the free-bases with Li(HMDSA) and treatment with an-
hydrous cobalt chloride in THF at room temperature. The
crystal structure of [(B-FgTPFPP)Co(THF),] showed that
its core size was substantially expanded in comparison to
that of [(B-FgTPFPP)Co(tol),] (tol = toluene), the Co—N
bond being 0.082 A longer. This change was interpreted in
terms of a metal spin-state transition. Solution '"F NMR
investigations were performed in the presence of various ax-
ial ligands. Large chemical shift variations of the B-fluorine
atoms were observed between THEF, pyridine or 1-methyl-
imidazole adducts. In the latter adduct, the data were found
to be consistent with population of the d,- ,- orbital of the
metal center and a “Eg electronic configuration.[*3]

In another study, the same group investigated the elec-
tron-transfer (ET) properties of the closely related co-
balt(IT) porphyrins, [(B-FsTPFPP)Co] [32b(Co)], [(B-
F{TPP)Co] [32a(Co)], [(TPFPP)Co], and [(TPP)Co]. Cyclic
voltammetry linked to digital simulation, in situ UV/Vis
and IR spectrometry, kinetic ET studies, bulk electrolysis,
19F NMR spectroscopy, X-ray crystallography, and molecu-
lar modeling were used in this study. It was shown, inter
alia, that the metal-centered (Co”>*/3*) heterogeneous ET ki-
netic rate constants (k.) were reduced in the fluorinated
porphyrins by a factor of 10* while the self-exchange rate
constants (k.,) varied over seven orders of magnitude. The
differing ET rates were attributed to widely varying inner-
sphere reorganization energies. Spectroscopic, structural,
and semi-empirical (PM3) studies indicated that the diver-
gent kinetic behavior of [(B-FsTPFPP)Co], [(B-FsTPP)Co],
[(TPFPP)Co], and [(TPP)Co] first oxidations arose mainly
from the reorganization associated with porphyrin core di-
lation and contraction.!

2.3.7 Partially Fluorinated and Mixed f-Fluoroporphyrins

The preparation and study of partially B-brominated and
B-chlorinated porphyrins were contemporary with that of
the corresponding B-octahaloporphyrins since direct bromi-
nation or chlorination most often led to various degrees of
halogenation (see above). Whilst direct B-fluorination is not
yet possible, the use of B-fluorinated pyrrolic synthons is a
solution to the synthesis of partially or fully B-fluorinated
porphyrins. The very first examples of such compounds,
bearing a limited number of fluorine atoms at the periphery
of the macrocycle, were prepared from sophisticated B-fluo-
ropyrroles.?28 Apart from these few reports, the rest of
the work in this area has been devoted to B-octafluoropor-
phyrins owing to the recent availability of 3,4-difluoropyr-
role. Leroy et al. examined the synthesis of partially f-
fluoro-meso-tetraphenylporphyrins.’”? Such compounds are
of importance since the physicochemical properties of f-
octafluoro-meso-tetraarylporphyrins are, at least in part,
governed by the strong o-electron-withdrawing character of
the peripheral fluorines. Thus, the progressive accumulation
425
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of this atom on the macrocycle could give insights into its
role in modulating the physicochemical properties of the
macrocycle. Two synthons were retained for the elaboration
of the partially B-fluorinated meso-tetraphenylporphyrins
using Lindsey conditions, namely, 3-fluoro-1H-pyrrole (34)
and 3,4-difluoro-1H-pyrrole (18). The first pyrrole had not
been reported and two routes to this compound were de-
vised. The first one (Scheme 9) started from the known 3-
fluoro-1-(triisopropylsilyl)pyrrole (33) whose deprotection
with tetra-n-butylammonium fluoride trihydrate in CH,Cl,
afforded the N-H pyrrole 34 along with triisopropylsilanol.
Isolation of pure pyrrole was unsuccessful due to the pres-
ence of residual triisopropylsilanol and (or) solvent. Never-
theless, preparative gas—liquid chromatography (GLC) af-
forded a few drops of colorless liquid which rapidly turned
green-black. The N-Boc derivative of 34 appeared more
convenient both for easy isolation and subsequent solvent-
free deprotection by thermolysis. The in situ N-Boc protec-
tion of 34 in acetonitrile, without isolation after desi-
lylation, gave only low yields of 3-fluoro-1-(zert-butoxycar-
bonyl)pyrrole (35). Flash thermolysis of 35 at 180 °C af-
forded low amounts of 34 along with an abundant metallic-
like deposit.[>7]

F F
// \< nBu,NF // \< Boc,O
'Tl CH4CN or ’TI CH,CN
TIPS CH,CL, H
33 34
F F
14 \i A, \i
N N
Boc H
35 34

Scheme 9.

The second route to pyrrole 34 involved the thermal de-
carboxylation of 4-fluoropyrrole-2-carboxylic acid (37)
(Scheme 10). This compound was prepared from 4-hy-
droxy-L-proline through a multistep sequence involving the

HO, F
P
(o2 L
N COH N CO,Me
H H
36
F F
1. MnO, )y A m
2. HO- N CO-H N
H H
37 34
Scheme 10.
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aromatization of methyl (25)-4,4-difluoro-2-prolinate (36)
with manganese dioxide. Under the same conditions,
methyl (25,4S)-4-fluoro-2-prolinate led to methyl pyrrole-2-
carboxylate, that is, to the loss of fluorine. Attempted de-
carboxylation of the acid 37 at 180 °C in the presence of
copper powder failed while flash thermolysis at 300 °C was
accompanied with extensive decomposition yielding only
small amounts of 3-fluoro-1H-pyrrole (34).57]

P-Fluoroporphyrins (p-F,TPPs, n = 2, 4, 6) firom 3,4-Di-
Sfluoro-1H-pyrrole: Condensation of a mixture of 3,4-difluo-
ropyrrole and pyrrole in an equimolar ratio with benzalde-
hyde under Lindsey conditions led to a mixture of partially
fluorinated porphyrins along with (B-FsTPP)H, and (TPP)-
H, as the major products. Column chromatography of the
free-bases then of the zinc complexes afforded four partially
fluorinated porphyrins [38(Zn)] (n = 2), [adj-39(Zn)], [opp-
39(Zn)] (n = 4), and [40(Zn)] (n = 6) in low yields (Figure 4).
These new compounds were characterized by UV/Vis spec-
troscopy, NMR, and high-resolution mass spectrometry.
The UV/Vis absorption spectra of the porphyrins [(jB-
F,, TPP)Zn] are hypsochromically shifted relative to the -
hydrogenated [(TPP)Zn], the observed shifts for the Soret
(B) and the two Q bands being linearly correlated to the
number (1) of fluorine atoms at the periphery. For example,
the Soret band wavelengths follow the simple relationship:
A [nm] = 417.5-1.50n (n = 0, 2, 4, 6, 8) (in CH,Cl,) which
is consistent with very similar structures for the macrocycles
in solution.[>”!

F  Ph F Ph F
F F F
Ph Ph Ph Ph
Ph Ph
38(zn) adj-39(Zn)
F Ph F Ph F
F F F
Ph Ph Ph Ph
F o F
Ph F F Pn
opp-39(Zn) 40(Zn)

Figure 4. Zinc(II) complexes of partially B-fluorinated meso-tetra-
arylporphyrins prepared from pyrrole and 3,4-difluoropyrrole.

p-Tetrafluoroporphyrins (p-F,TPPs) from 3-Fluoro-1H-
pyrrole: Because isolation of substantial quantities of pure
3-fluoropyrrole was problematic, the porphyrin synthesis
under Lindsey conditions was conducted directly in the
crude dichloromethane solution resulting from the desi-
lylation of pyrrole 33 with n-tetrabutylammonium fluoride
trihydrate. A mixture of inseparable isomeric B-tetrafluo-

Eur. J. Org. Chem. 2008, 417-433



B-Fluorinated Porphyrins and Related Compounds

Eur

roporphyrins (B-F,TPP)H, (41) was obtained after oxi-
dation with DDQ and chromatographic purification (38%
yield). Only one regioisomer of the four possible arrange-
ments is represented in Figure 5.7

X Ph F
F X M X=H, M=2H
41(Zn) X=H, M=2n
Ph Ph 41(Cu) X=H, M=Cu
41(Ni) X =H, M=Ni
X F 42 X=Br,M=2H
42(Cu) X=Br,M=Cu
F ph X 42(zn) X=Br,M=2n

Figure 5. One regioisomer of B-tetrafluoro-meso-tetraphenylpor-
phyrin derivatives obtained from 3-fluoropyrrole.

As observed for the symmetrical [adj-39(Zn)] and [opp-
39(Zn)], the UV/Vis absorption spectra of the porphyrins
(B-F4,TPP)H, (41) and [(B-F4TPP)Zn] [41(Zn)] were blue-
shifted relative to the B-hydrogenated counterparts, the
shifts (Soret and Q bands) also being half those observed
for the B-FgTPP versus the TPP analogues. Despite the
presence of regioisomers, the spectrum of [41(Zn)]
[2max(CH,Cl,) = 411, 540, 576 nm] did not display a shoul-
der, nor widening, and was superimposable on that of
[39(Zn)]. Thus, scattered B-tetrafluorination did not induce
major structural differences. B-Tetrafluorination of TPP
(H, and Zn) resulted in positive shifts of the oxidation and
reduction potentials that are the average of the correspond-
ing values for the TPPs and B-FgTPPs. Remarkably, the NH
chemical shift of porphyrins 41, a singlet at —3.45 ppm, is
the average of the values for (TPP)H, and (B-FgTPP)H,."!

The copper(Il) B-tetrafluoroporphyrins [(B-F4sTPP)Cu]
[41(Cu)] were brominated with bromine giving access to the
mixed haloporphyrins [(B-Bryf’-F4,TPP)Cu] [42(Cu)]. De-
metalation (sulfuric acid) afforded the free-bases (B-BryB’-
F,TPP)H, which were converted into their Zn"' complexes
[(B-Brsp’-F4sTPP)Zn] [42(Zn)] (Figure 5). As anticipated,
the UV/Vis absorption spectra of the mixed haloporphyrins
are redshifted with respect to their B-tetrafluorinated pre-
cursors. For the Soret band, the shifts vary from 11 (Zn
complex) to 15 nm (free-base).>”!

2.4 Perfluorinated Expanded Porphyrins

A series of meso-pentafluorophenyl expanded porphyrins
were synthesized by Furuta and co-workers from 3,4-di-
fluoropyrrole (18) and pentafluorobenzaldehyde under
modified Lindsey conditions (Scheme 11).°81 Relatively
high concentrations, around 67 mm in both the reactants
in CH,Cl,, were used with BF3-Et,O as the catalyst. After
oxidation with DDQ, chromatographic separation gave
porphyrin 32b (n = 1, 6-9%), pentaphyrin (n = 2, about
1%), hexaphyrin (n = 3, 2-5%), heptaphyrin (n = 4, 4-6%),
octaphyrin (n = 5, 4-7%), nonaphyrin (n = 6, about 2%),
and decaphyrin (n = 7, about 2%). B-Fluorinated hexaphy-
rin (267 electrons) exhibited a UV/Vis spectrum (Soret-like
band at 560 nm) quite similar to that of the B-H analogue,
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suggesting an aromatic character for the perfluorinated
compound. The X-ray crystal structure of its reduced form,
[28]hexaphyrin, revealed a noticeable twisted figure-of-eight
conformation.®!

F F !
F F
3 -
N F F
CHO
18

cH,cl, | 1 BFyELO
2.DDQ
F CeFs F

Scheme 11.

2.5 B-Octafluorocorroles

In 2003, the Ghosh and Chang groups reported the one-
pot syntheses of B-octafluoro-meso-triarylcorroles from 3,4-
difluoropyrrole (18) and an aromatic aldehyde.>%% Al-
though Gross’ solvent-free alumina-supported procedure
for the preparation of B-hydrogenated corroles worked for
the preparation of B-octafluoro-meso-tris(p-X-phenyl)cor-
roles [43(X)] (X = CF3;, H, CH;, OCHj;; 4 h at 70 °C; yields:
6-8%),51  2,3,7,8,12,13,17,18-octafluoro-5,10,15-tris(pen-
tafluorophenyl)corrole (44) needed an increased reaction
time and temperature (12h at 100 °C; 5% yield) (Fig-
ure 6).00 The Cu and FeCl derivatives of the ligands
[43(X)] were prepared and studied by NMR spectroscopy,
X-ray photoelectron (XPS), and UV/Vis spectroscopy. The
strongly electron-deficient character of the B-octafluorocor-
role ligands was evidenced. Cyclic voltammetry revealed
that the oxidation half-wave potentials of the Cu and FeCl
complexes were positively shifted by 300-400 mV relative to
the B-unsubstituted analogues.[! Similarly, a 490 mV posi-
tive shift compared with the B-hydrogenated analogue was
determined for the Mn"/Mn!V couple of the manga-
nese(II1) derivative of perfluorocorrole 44. This Mn'"! cor-
role was tested as a catalyst in the oxidation of styrene and
cyclohexene using PhIO as the oxygen source. A much
higher turnover rate was observed when compared with the
nonfluorinated analogue, while the perfluorinated catalyst
proved to be extremely robust. The reactive intermediate,
an oxomanganese(V) complex, was prepared from the reac-
tion of the perfluorinated Mn™™ corrole with PhIO (half-
life ca. 4 h at 25 °C in CH,Cl,) and allowed to react with
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cyclooctene. Compared with the B-hydrogenated analogue,
a 28-fold rate increase in the oxidation of cyclooctene (at
25 °C) was observed.[®]

F Ar F
F F
Ar Ar
E F
F F

43(X) Ar = p-X-C4H,
44  Ar=Cg,

Figure 6. B-Octafluoro-meso-triarylcorroles.

3. B-(Perfluoroalkyl)porphyrins

Of the numerous electron-withdrawing groups, the per-
fluoroalkyl ones display unique properties associated with
their strong c-electron-withdrawing character, exempt from
n-electron donation. So, the replacement of B-pyrrolic hy-
drogens in porphyrins with such groups could bestow pecu-
liar features on the macrocyclic properties. Of the B-per-
fluoroalkyl substituents, the purported chemically inert tri-
fluoromethyl group has been the most studied.

3.1 Synthesis of p-(Trifluoromethyl)porphyrins

The first preparation of a partially B-trifluoromethylated
porphyrin, 2,7,12,17-tetraethyl-3,8,13,18-tetrakis(trifluoro-
methyl)porphyrin (46), was reported by Ogoshi and co-
workers.[®'a] Tt involved a copper-mediated condensation/
cyclization of the B-(trifluoromethyl)pyrrole 43. This syn-
thonl®®! was prepared from ethyl trifluoroacetate through
a multistep sequence involving a modified Knorr condensa-
tion (Scheme 12).[01a]

CF,
F.C
CF,
T Cu(OAc),
N CO,H AcOH
Aco H CF,
45 CF,
46(Cu) M=Cu"
46 M=2H
Scheme 12.

Some starting o-unsubstituted B-perfluoroalkylated B’-
alkylated N-H pyrroles (Rg = CF; or C3F;) were prepared
by using the van Leusen method, that is, by the reaction
of p-toluenesulfonylmethyl isocyanide (TOSMIC) with a -
428
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perfluoroalkyl a,B-unsaturated ketone in the presence of so-
dium hydride in Et,O/DMSO. The Vilsmeier formylation of
the intermediate a-free asymmetric pyrrole 47 was regio-
specific, revealing marked differences in the electronic effects
of B-alkyl and -perfluoroalkyl groups. Reduction of the al-
dehyde 48 led to the air-sensitive a-(hydroxymethyl)pyrrole
49. Acidic cyclotetramerization of 49 in the presence of hy-
drobromic acid led to the corresponding B-(perfluoroalkyl)-
porphyrins 50 in 10-30% yields (Scheme 13).[622.62¢]

R R R R
DMF/POCI NaBH,
Y owrony o e
N N CHO THF
H H
47 48

R, R
HBr
N~ CH,OH
H
49

Rr = CF;, (CF,),CF;; R = CH,, C4Hs, OCH,
R¢ = CF;; R = C4H,-p-CO,CH,, -p-CO,H

Scheme 13.

Of the B-trifluoromethylated pyrroles prepared by the
Barton-Zard method, the pyrrole 51 was converted selec-
tively into porphyrin 52 (14% yield) by reduction of the
ester group with LiAlH, followed by treatment with PTSA
and oxidation with chloranil (Scheme 14).1620]

H,C CF,
HC_ CF, 1. LIAIH,/THF FsC CH,
Z—g\ 2. PTSA/CH,CI,
N~ TCO.Et 3. chloranil
H
H,C CF,
51 CF, CH,
52
Scheme 14.

The iron(IIT) complexes of mono- and bis-trifluorome-
thylated porphyrins 55 and 56 have also been prepared by
Ogoshi and co-workers.[®3] The free-bases were obtained by
acid-catalyzed coupling of p-(trifluoromethyl)dipyrro-
methane 53 with diformyldipyrromethane 54 or dimeth-
oxymethane, respectively (Scheme 15), and subsequent oxi-
dation of the porphyrinogen with p-chloranil.
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FyC 1.54,TFA €
2. p-chloranil
/\ /\
N N
H H
53
1. CH,(OMe),/TFA
2. p-chloranil 55
F,C
/ \ /\
OHC N N CHO
F,C H H
54
56
Scheme 15.

Using a different approach, Dolphin and co-workers syn-
thesized partially B-trifluoromethylated meso-tetraphen-
ylporphyrins to investigate the steric and electronic effects
of the trifluoromethyl groups on the macrocycle.[** Prepa-
ration of the free-base [B-(CF5),TPP]H, (58) involved nucle-
ophilic trifluoromethylation of the macrocycle by reaction
of the zinc complex [57(Zn)] of the antipodal p-tetrabromo-
meso-tetraphenylporphyrin (B-Bry,TPP)H, with CF5;Cu gen-
erated in situ from the metathesis of trifluoromethylcad-
mium [(CF;3),Cd and CF;CdBr] with CuBr in HMPA
(Scheme 16).194%1 Partially trifluoromethylated porphyrins
[B-(CF;),TPP]H, and [B-(CF;);TPP]H, were also obtained
in low yields along with significant amounts of partially
brominated and trifluoromethylated TPPs. The yield of 58
was improved by up to about 40% by increasing the reac-
tion temperature. The zinc(IT) complex [58(Zn)] was ob-
tained from the free-base by a standard procedurel®#l while
preparation of the hemin [58(FeCl)] required a special pro-
cedure (see below).[! The electronic structure of the anti-
podal, partially B-trifluoromethylated TPPs was shown to
display intriguing features. For example, NMR experiments
showed that the 18zn-electron pathway of the free-base 58 is
locked in place. Two distinct NH protons not in exchange
were seen, confirming that conjugated electron pathways of
the porphyrin macrocycle tend to avoid electron-with-
drawing substituents on the pyrrolic B positions.

Until the recent work of Liu and Chen (see below),
access to P-octakis(trifluoromethyl)porphyrin remained
challenging. Although 3,4-bis(trifluoromethyl)-1H-pyrrole
(59) has been available since the first preparations of this
synthon in 1982,[%% no successful cyclization of this pyrrole
with aldehydes has been reported since. We have also found
that the condensation of pyrrole 59 with benzaldehyde un-
der Lindsey conditions or with formaldehyde, in analogy to
the synthesis of 2,3,7,8,12,13,17,18-octachloroporphyrin, >4
failed. Undoubtedly, the low electron density at the o posi-
tions is responsible for the reluctance of this pyrrole to cy-

[65]

Eur. J. Org. Chem. 2008, 417-433

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

Ph  Br Ph CF,
Br CF,
1. CF,-/CuBr/HMPA
Ph Ph Ph Ph
2. TFA
Br F,C
Br  Ph CF, Ph
57(Zn) 58
Scheme 16.

clize with aldehydes owing to the destabilization of reaction
intermediates. Some other observations confirmed this de-
activation. For example, on N-dealkylation with tri-
fluoromethanesulfonic acid in dichloromethane, the ester 60
produced exclusively the N-deprotected pyrrole 61
(Scheme 17).71 No C-alkylated isomer was formed in con-
trast to what was observed in the same dealkylation reac-
tion with the 3,4-difluoro analogue 18.13%1 Furthermore, the
strongly deactivated pyrrole 61 did not afford a dipyrrome-
thane in the presence of PTSA/CH,(OMge), in contrast to
its 3,4-difluoro analogue 16a (see above). In our hands, 3.4-
bis(trifluoromethyl)-2-(hydroxymethyl)pyrrole (62), pre-
pared by reduction of the ester 61, failed to cyclotetra-
merize into the corresponding meso-unsubstituted porphy-
rinogen in the presence of PTSA, in contrast with less deac-
tivated B-(trifluoromethyl) 2-(hydroxymethyl)pyrroles.[6?

F,C_  CF, F,C_  CF,
CFSOH /1 \
N COLCH;  ch,cl, N COCH,
C(CH,), H
60 61
LiAIH,
Et,0,0°C
FCL CFs FC  CF,
Z/ \;
N N CH,OH
H H
59 62
Scheme 17.

Owing to the lack of reactivity of such strongly deacti-
vated pyrroles, direct trifluoromethylation of a preformed
porphyrin appeared to be the only possible route to a -
octakis(trifluoromethyl)porphyrin. A synthesis of trifluoro-
methylated porphyrins by a palladium-catalyzed cross-
coupling reaction of various -brominated metalloporphyr-
ins with FSO,CF,CO,Me-Cul in the presence of catalytic
amounts of [Pd,(dba);(CHCl3)]/AsPh; (dba = dibenz-
ylideneacetone) has been reported (Scheme 18).19] Isolated
yields were remarkably high, for example, 95% for M = Cu,
n =4 and 90% for M = Ni, n = 8. Demetalation of the
complexes [{B-(CF3)TPP}Cu] and [{B-(CF;),TPP}Cu] with
concentrated sulfuric acid afforded the corresponding free-
base porphyrins while treatment of [{B-(CF3)sTPP}Cu]
[63(Cu)] under similar conditions resulted in the destruction
429
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of the porphyrin macrocycle. The reaction worked also for
the introduction of one or two trifluoromethyl groups at the
meso positions starting from the corresponding brominated
porphyrins.

FSO,CF,CO,Me/Cul
(B-Br,TPP)M [B~(CF,) ,TPPIM
[Pd], DMF, 100 °C
M = Ni, Cu 63(M) (n = 8)
n=1,2,4,8
Scheme 18.

3.2 Some Properties of p-Trifluoromethylporphyrins

Solid-State Structures: In addition to its strong c-elec-
tron-withdrawing character, the bulky trifluoromethyl
group, with a van der Waals radius of around 2.2 A, in-
duces steric strain in the porphyrin macrocycle as a result
of interactions with the © cloud of the phenyl groups. The
X-ray crystal structures of the Zn'%4 and Cu''l% com-
plexes of [B-(CF3),TPP]H, (58) have been established. In
particular, that of [{B-(CF;),TPP}Zn(EtOH);] revealed a
severely saddle-distorted, slightly ruffled macrocycle core.
As for the antipodal tetrabromo and tetramethyl analogues,
a significant difference in the Zn-N distances between the
B-substituted and the non-B-substituted side was observed.
The Zn atom was displaced by 0.325 A from the N, mean
plane. This especially large displacement was attributed to
a combination of steric and electronic effects.[**] The X-ray
crystal structure of the complex [{B-(CF;)sTPP}Ni"]
[63(Ni)] also showed a severe ring distortion.[6]

Redox Potentials: Cyclic voltammetry measurements on
the series [B-(CF5),TPPJH, (n = 0, 2, 3, 4) showed that the
redox potential gap (the HOMO-LUMO gap) decreases
progressively as the number of trifluoromethyl groups in-
creases. For example, the observed gap for 58 was 1.42 ver-
sus 2.22V for (TPP)H,. This contraction in the gap is
prominent despite macrocycle distortion and was attributed
to the unique electronic structure.[**®! In relation to this
HOMO-LUMO narrowing, significant redshifts of the ab-
sorption spectra, compared with benchmark porphyrins,
were observed. For example, the UV/Vis spectrum of
2,3,12,13-tetrakis(trifluoromethyl)-5,10,15,20-tetraphenyl-
porphyrinato]zinc(IT) [{B-(CF3)4TPP}Zn] [58(Zn)] [Zmax-
(CH,Cl,) = 442, 662 nm] was clearly redshifted relative to
that of its tetramethyl analogue in the same solvent [A,,x =
420, 534 (sh), 551, 587 nm (sh)].[%* The Fe'/Fe! redox
potential of the hemin [58(FeCl)] (0.05 V vs. SCE in PhCN)
is similar to that of the complex [(B-ClsTDCPP)FeCl]
(0.10 V) and positively shifted from the value of —0.32 V for
[(TPP)FeCl]. Nevertheless, this positive shift alone ap-
peared to be insufficient to improve the catalytic ability of
the hemin.[64]

Catalysis: Olefin oxidations catalyzed by Fe''! and Mn!!!
complexes of 2,7,12,17-tetraethyl-3,8,13,18-tetrakis(trifluo-
romethyl)porphyrin (50; Rg = CF;, R = CHj) by using
PhIO as oxidant were investigated in a comparison with the
430
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Fe and Mn complexes of octaethylporphyrin (OEP). The
relative reactivities in olefin epoxidation were quite similar
for a given metal. Moreover, the selectivity of norbornene
oxidations with the same oxidant was not seriously affected
by the electron-deficiency of the central metal of the trifluo-
romethylated porphyrin.[®”] More recently, an evaluation of
the related hemin [58(FeCl)] as an oxidation catalyst was
made.[%] Insertion of iron into the macrocycle of the free-
base 58 to give the hemin [{B-(CF5),TPP}FeCl] [58(FeCl)]
required the formation of the lithium complex, from lithium
bis(trimethylsilyl)amide, followed by treatment with ferrous
chloride. The potential of hemin [S8(FeCl)] as an oxidation
catalyst was evaluated by using cyclohexane and cyclohex-
ene as substrates and iodosylbenzene as oxidant. A com-
parison of its performances with that of the complexes [(j3-
Br,TPP)FeCl] [57(FeCl)] and [(B-ClgTDCPP)FeCl] showed
a comparable activity in the oxidation of cyclohexene but
the catalysts [57(FeCl)] and [58(FeCl)] were destroyed dur-
ing the oxidation of cyclohexane giving low yields of cyclo-
hexanol and low turnovers. Thus, the hemin [S8(FeCl)], in
spite of its electron-deficient nature, was found to be inef-
fective as an oxidation catalyst.[04]

3.3 Other Routes to (Perfluoroalkyl)porphyrins

A general method for the synthesis of meso- and B-per-
fluoroalkylated porphyrins by Pd-catalyzed cross-coupling
has also been developed by Liu and Chen.[%®] Various met-
alated p-brominated meso-tetraphenylporphyrins  [(B-
Br,TPP)M] (n = 1, 4, 8; M = Zn', Cu", Ni') (or meso-
brominated meso-diphenylporphyrins in the case of meso-
perfluoroalkylation), when treated with a perfluoroalkyl io-
dide (RgI = IC4F5Cl, IC(F,Cl, or IC4F,3) in the presence
of excess copper and catalytic [Pd,(dba);(CHCl3)]/AsPh; in
DMSO at 100 °C, afforded good yields of B-perfluoralkyl-
meso-tetraphenylporphyrins. Nevertheless, with n = 4 or 8,
only half of the bromine atoms were substituted by perfluo-
roalkyl groups, leading to inseparable mixtures of isomers.
The remaining bromines were reduced during the catalytic
cycle to be replaced by hydrogens.®! The same group
showed that treatment of 5,10,15,20-tetraarylporphyrins
with perfluoroalkyl iodides in the presence of sodium dithi-
onite (Na,S,04)/NaHCO; in DMSO/CH,Cl, at 30-40 °C
(the so-called sulfinatodehalogenation method) gave the
corresponding 2-(perfluoroalkyl)porphyrins in moderate
yields. The peculiar case of trifluoromethyl iodide was not
examined.[®]

Both of the perfluoroalkylation reactions cited
abovel®®-%%] have recently found an application in the synthe-
sis of unprecedented tetrafluorobenzoporphyrins, a border-
line case of B-(perfluoroalkyl)porphyrins.’”! The method
was based on a direct intramolecular cyclization and re-
ductive defluorinative aromatization of B-perfluoroalk-
ylated porphyrins by highly selective C—F bond alkylation
under modified sulfinatodehalogenation reaction condi-
tions. Various B-(w-chloroperfluorobutyl)-meso-tetraphen-
ylporphyrins B-(RgCl),TPPM [M = Zn", Ni'', Cu", or 2H;
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n =1, 2, 4] prepared by palladium-catalyzed cross-coupling
reactions or sulfinatodehalogenation (see above) were
treated with Na,S,0, in the presence of a base, for example,
K,CO;5; or NaHCO; in DMSO at 100 °C, affording B-tetra-
fluorobenzo-meso-tetraphenylporphyrins as the major
products along with variable amounts of the intermediate
B-(octafluorocyclohexenyl)-meso-tetraphenylporphyrins, de-
pending upon the reaction conditions. For example, [B-
(o-chloroperfluorobutyl)-meso-tetraphenylporphinato]zinc
[64(Zn)] afforded a mixture of porphyrins [65(Zn)]
and [66(Zn)] (isolated yield 98%) in a ratio of 1:43 when
treated with Na,S,04/K,CO;5 (10 equiv. each) for 30 min
(Scheme 19). A proposed mechanism involved the inter-
vention of the radical anion of sulfur dioxide (SO,). Vari-
ously metalated (M = Zn, Ni, Cu) opp-B-di- and B-tetra(tet-
rafluorobenzo)-meso-tetraphenylporphyrins have also been
prepared by using the same procedure.l’”! The X-ray crystal
structures of the zinc(I) complexes of B-mono-, di-, and
tetra(tetrafluorobenzo)TPPs have been established. The
magnitude of the large distortion of the macrocycle in-
creases with substitution of tetrafluorobenzo groups on the
pyrrole ring and culminated with the complex [67(Zn)].
Compared with other meso-tetraphenylporphyrins, the “rm-
extended” tetrafluorobenzoporphyrins, exhibited large red-
shifts of the absorption bands (Soret and Q bands), attrib-
uted mainly to the extended m-conjugation. So, the spec-
trum of [67(Zn)] was found to be bathochromically shifted
from around 60 nm with respect to that of [B-tetrabenzo-
meso-tetraphenylporphyrinato]zinc. This was ascribed to
the increased bulkiness of the tetrafluorobenzo group com-
pared with the benzo one. The electron-withdrawing char-
acter of the tetrafluorobenzo group was expected to exert a
significant effect on the electrochemical properties by stabi-
lizing both the HOMOs and the LUMOs compared with

Ph  (CF,)Cl Ph F,cCz
i F,
N\ _CF,
Na,S,0,/base
Ph Ph 22T pp Ph
DMSO, A
Ph Ph 65(M)
64(M) M = Zn, Ni, Cu, 2H
¥
F
Ph F
F Cre
F
Ph Ph
F Ph  g(m)

67(M) M = Zn, Ni, Cu

Scheme 19.
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the unsubstituted derivatives, that is, the tetrafluorobenzo-
porphyrins would be harder to oxidize and easier to reduce.
Cyclic voltammetry measurements made on the above Zn"!
complexes have shown that this is not the case. To the con-
trary, the data indicated that the tetrafluorobenzoporphy-
rins were more readily reduced and oxidized with increasing
substitution. Furthermore, E%20x(I) — E'.red(I) decreased
with increasing numbers of tetrafluorobenzo groups, indi-
cating decreasing HOMO-LUMO gaps.[]

4. Conclusion

The advances realized in the chemistry of B-fluoropor-
phyrins, and more particularly of octafluorinated ones, are
recent. They have been rendered possible by the recent
availability of, inter alia, 3,4-difluoro-1H-pyrrole. The intro-
duction of fluorine atoms or (and) perfluoroalkyl groups
into the pyrrolic B positions has led to a variety of novel
electron-deficient porphyrins. The synthetic methods used
for their preparation involved fluorinated synthons in the
case of (indirect) B-fluorination while B-perfluoroalkylation
was achieved either through perfluorinated units or by the
introduction of perfluoroalkyl groups into a preformed por-
phyrinic macrocycle. The physicochemical and catalytic
properties of various B-octafluoro-meso-tetraarylporphyr-
ins have been detailed thus complementing previous studies
on haloporphyrins, restricted up to now to their chlorinated
and brominated congeners. Since the chemistry of (poly)-
fluorinated and (poly)perfluoroalkylated porphyrins is es-
sentially recent, numerous other applications of these li-
gands and their fluorinated precursors are foreseeable.
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