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Abstract

Monoheteroatom substituted porphyrins and diheteroatom substituted porhyrins resulting from the replacement of one and two nitrogen atom:
respectively, are very stable aromatic molecules possessing very interesting properties. Significant progress has been made in last 5-6 years
developing newer methods and also by modifying the existing synthetic methodologies. These have been used to synthesize several heteroa
logues of porphyrins and their derivatives including the synthesis of chlorins, corroles, confused porphyrins, covalent and non-covalent porphyr
assemblies. This article reviews the developments that have been occurred in heteroporphyrin chemistry during 1999-2005.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction are quite different from regular porphyrins. Specifically, the
heteroporphyrins have the ability to stabilize metals in unusual
Porphyrins are a class of conjugated macrocyclic compoundsxidation states, such as copper in +1 and nickel in +1 oxidation
in which four pyrrole rings are linked to each other in cyclic states which are not possible to attain with regular porphyrins
fashion throughmeso-carbon bridges. These represent one of[3—-11]. The heteroatom substituted porphyrins were first syn-
the most widely studied of all known macrocyclic systdifis  thesized in 196912—-15]and for the last 35 years some elegant
Replacement of pyrrole nitrogen(s) by other donor atoms, suchethodologies have been developed which resulted in much
as O, S, Se and Te in a porphyrin ring leads to new macrocyclicesearch activity on these porphyrin systems. However, until the
systems referred to as core-modified porphyrins or heteroatotate 1990s, most of the work on heteroporphyrins was limited to
substituted porphyrinf2]. Such core perturbation affects the the preparation of different metal derivatives and the exploration
electronic structure of the ring system thereby altering the physaf their structural, spectroscopic and electrochemical properties
ical and chemical characteristics of the porphyrin macrocyld3,4,6,9-11,16,18—24] atos-Graynski, who is one of the pio-
while retaining the aromatic character. Thus, the modificatiomeers in developing the heteroporphyrin chemistry has reviewed
of the porphyrin core led to very interesting properties whichrecently all the work that appeared on heteroporphyrins until

Porphyrin
Arq
Ary Ary
Arg
Ary = Arp = Arg = Ary=Ph : NgP 1
A, Ary = Arp = Arg = Ary= Ph; X =0 : 21-N,OP 2a
Ary = Ary = Ph; Arg=Ar,=p-Tol; X=0 : 21-N;OP 2b
Ary = Arp = Mes; Arg = Ary=Ph; X=0 : 21-N30P 2¢
Ary Ar,  Ary=Ar=Arg=Ar,=Ph;X=8 : 21-N3SP 3a
Ary = Ar, = p-NO,Ph; Arg = Ary= Ph; X =S : 21-N3SP 3b
Ary = Arp = Mes; Arg = Ary= Ph; X= S : 21-N3SP 3¢
Al Ary = Arp = Arg = Ar, = Ph; X = Se . 21-N;SeP 4a
21-Monoheteroporphyrins  ar, = Ar, = Tol; Arg = Ar, = Ph; X = Se : 21-N3SeP 4b
Ary = Arp = Arg = Ary= Ph; X=Te : 21-N3TeP 5a
Ary=Ar, = Ph; Arg= Ar, = p-Tol; X=Te : 21-NgTeP 5b
Ar; Ary = Arp = OMePh; Arz = Ary=Ph; X=Te : 21-N3TeP 5¢
Ary=Aro=Arg=Ar,=Ph; X=Y=0 : 21,23-N,0,P 6
Ary Az Ari=Ar,=Arg=Ar,=Ph;X=Y=§ : 21,23-N,S,P 7a
Ary = Ary = Arg = Arg= p-Tol; X=Y = S - 21,23-N,S,P 7b
Arg Ary=Arp =Arg=Ar,=Ph; X=Y =Se : 21,23-N,Se,P 8
Ary=Aro=Arg=Ar,=Ph; X=8,Y=0 : 21,23-N,SOP 9
21,23-Diheteroporphyrins - » _ Ar _ A= Ar,=Ph; X=S,Y=Se : 21,23-N,SSeP 10
Ary Ary=Ar,=Arg=Ar,=Ph; X=S,Y=Te : 21,23-N2gTeP 11
Ary A2 Ar = Ary=Arg=Ar,=Ph:X=Y =0 : 21,22-N,0,P 12
Ary=Ary=Arg=Ary=Ph; X=Y=§ : 21,22-N,S,P 13
Ars Ary=Ar,=Arg=Ars=Ph; X=S,Y=0 1 21,22-N,SOP 14

21,22-Diheteroporphyrins

Chart 1. The structures of 13 different mono- and diheteroporphyrins.
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1998 in “The Porphyrin Handbook]2]. To the best of our the area of monoheteroatom substituted (2¥Nsystems)
knowledge, this is the only review on heteroporphyrins coveringand diheteroatom substituted porphyrin (21,23<kNor 21,23-

the synthetic aspects and discussing in detail the metalatioN>XY and 21,22-NX5 or 21,22-NXY systems) chemistry
studies, crystal structures, ground and excited state propertidsetween 1999-Feburary and 2005. This review is restricted
However, during the last 5-6 years, there has been rapith the developments occurred on heteroporphyrins containing
development in heteroporphyrin chemistry with main emphasefour five-membered heterocyclic rings and does not include
on synthesis of novel analogues of porphyrins, such as chloringny discussion on heteroatom substituted expanded porphyrins
carbaporphyrins, corroles, N- or X-confused porphyrins,containing more than four or five-membered heterocyclic rings
B- and meso-substituted porphyrins and different covalent which had been reviewed very recenf6,26] Until now 13

and non-covalent porphyrins arrays containing heteroatordifferent mono- and diheteroatom substituted porphyrins with
substituted porphyrin units. The main objective of the presentvarious core combinations have been synthesized by replacing
review is to provide an update on what has been achieved iane or two nitrogen atoms of regular porphydn(Chart 1

\
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Scheme 1. Synthetic routes for 21-monoheteroatom substituted porphyrins.
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and this review discusses the developments with these systertisn of 2,5-diformylfuran17 or thiophenel8 with tripyrrane
(Chart J). For setting the platform for review, in the first follow- diacid 19 generated in situ in the presence of HBr resulted
ing two sections, we discuss very briefly the various synthetién the formation of 21-oxa (25%)5 or 21-thiaporphyrinl6
approaches to obtain 21-hetero, 21,22 or 21,23-diheteroa atofh2%), respectively. The Broadhurst approach was not found
substituted porphyrins and their general properties. For detailed be suitable for the synthesis mkso-tetraphenyl derivatives
discussion on these two aspects, the interested reader is referteghce alternate methods have been developed using 2,5-bis-
to Latos-Graynski's article in “The Porphyrin HandbooK2]. (arylhydroxymethyl)heterocyclopentadien2@-23 as precur-
sors[17,21,27-35] One mole of the corresponding diol, 2,5-
2. General synthetic strategies for mono- and bis(arylhydroxymethyl)heterocyclopentadie2e-23 was con-
diheteroatom substituted porphyrins densed with two moles of arylaldehyde and three moles of
pyrrole under Adler et al.B86] or Lindsey et al.'§37] porphyrin
A few elegant methodologies have been developed over thi®rming conditions to give a mixture of three porphyrins and the
years to synthesize mono- and diheteroatom substituted porequired corresponding 21-heteroatom substituted porphyrins
phyrins which has been reviewed by Latos-B#fski in “The  2-5 which were separated from the mixture using column chro-
Porphyrin Handbook|2]. However, for continuity of the present matography $cheme ).
review, we briefly summarize the various synthetic routes to syn- The 21-heteroatom substituted porphyriiist (X=S, O,
thesize the heteroatom substituted porphyrins containing one &e) were also prepared by condensing the corresponding 2,5-

two heteroatoms in the porphyrin core. bis(arylhydroxymethyl)heterocyclopentadie2®-22 with reg-
ular tripyrrane24 in CH3CN under mild acidic conditions

2.1. Synthetic routes for 21-monoheteroatom substituted [31-33](Scheme &). Recently, Chandrashekar and co-workers

porphyrins [34,35] have shown that the 21-oxaor 21-thiaporphyrins

can also be prepared by condensing the corresponding het-

To the best of our knowledge, there are five synthetic routegrocyclopentadiene diol20 or 21, respectively, withmeso-
presently available to synthesize the 21-heteroatom substéryl dipyrromethane5 under mild acid catalyzed conditions
tuted porphyrins as shown iBcheme 1The first synthesis (Scheme d). We recently developed a mono-ol metljd8,39]
of 21-monoheteroatom substituted porphyrins was reported bip prepare 21-oxa and 21-thiaporphyrigciieme &). In this
Broadhurst et al[12—-15] They adopted a [3+ 1] approach method, two equivalents of 2-(arylhydroxymethyl) furzéor
to synthesize3-pyrrole alkylated andneso-unsubstituted 21- thiophene27 were condensed with two equivalents of aryl alde-
oxa 15 and 21-thial6 porphyrins 6cheme &). The reac- hyde and three equivalents of pyrrole under Adler et al.'s or

o
T

KX XX
o
w
© ®©
NN P
W -
LK
[ T I |

Scheme 2. Synthetic routes for 21,23-diheteroatom substituted porhyrins.
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Scheme 3. Synthetic routes for 21,22-diheteroatom substituted porphyrins.

Lindsey et al.’s conditiong36,37]resulting in a mixture of two The acid catalyzed condensation of one equivalent of
porphyrins and the 21-oxaor 21-thiaporphyrin® which were  1,9-bis(phenylhydroxymethyl)-5-phenyldifur$8 or dithienyl

separated easily by column chromatography. 39 or furylthienylmethane40 with one equivalent of 5-
phenylpyrromethane5b followed by oxidation with DDQ

2.2. Synthetic routes for 21,23-diheteroatom substituted resulted in 21,22-diheteroporphyrih3-14.

porphyrins

) ) ) 3. General properties of heteroporphyrins
21,23-Diheteroatom substituted porphyrins were synthesized

by following three different strategies. Broadhurst efx2-15] The spectroscopic properties of heteroporphyrins indicate
prepared the 21,23-diheteroatom substituted porph#8rs30  thatthey are aromatic and obey42m-electron Huckel rulg2].

by acid catalyzed condensation of the 2,5-diformylfutdror  The replacement of one or two nitrogen atoms with heteroatoms
thiophenel8 with modified tripyrrane diacid1 generated in  yegyits in the alteration af-delocalization, which in turn affects
situ (Scheme 8). This route gave access only@esubstituted  {he electronic properties. Some of the salient features of the
meso-unsubstituted 21,23-diheteroatom substituted pc?rphy””ﬁeteroporphyrins follow: (1) the alteration indelocalization
28-30. Ulman and Manassef27-30] developed two simple  qye to heteroatoms results in considerable downfield shifts in
synthetic routes to prepare theeso-aryl substituted 21,23- 1 NMR of the pyrrole and heterocyclopentadiene moieties
diheteroporphyrins§cheme B and c). One equivalent of the (Taple 7). The deshielding was more for monoheteroatom sub-
corresponding heterocycle di28-22 was condensed with one - it ted porphyrins than for diheteroatom substituted porphyrins
equwale_nts.of pyrrolg under mild acid cpndmons foIIovyed by [42,43] This is attributed to the distortion of the porphyrin
DDQ oxidation and this afforded 21,23-diheteroporphyrins havinacrocycle by the two large heteroatoms, which decreases the
ing two similar heteroatomé-8. The mixed heteroatom sub- ying cyrrent effect arising from the-delocalization. (2) Similar
stituted porphyrins9—11 [28,29,31,32,35were prepared by g N, porphyrins, the heteroporphyrins shows an intense Soret
condensing one equivalent of the corresponding heterocyclopeang and 3—4-bands in 700-450 nm region. The introduction
tadiene diol20-23 with modified appropriate tripyrrand2-34 ¢ 5 heteroatom in place of “N” results in large red shifts of both
under two step one flask room temperature conditii8¥®  ggyet andQ-bands Table ). The maximum red shifts were

(Scheme ). observed with “S”, “Se” and “Te” containing heteroporphyrins
and the shifts were minimum for “O” containing heteropor-

2.3. Synthetic routes for 21,22-diheteroatom substituted phyrins[35,44] Furthermore, the red shifts of the absorption

porphyrins bands of diheteroatom substituted porphyrins were greater than

those of the monoheteroatdBb,44]substituted porphyrins. (3)

There are very few synthetic methods available to synThe emission bands of the heteroporphyiias,44—46]were
thesize 21,22-diheteroatom substituted porphyfiris40,41]  also red shifted with reduction in quantum yields compared to
Broadhurst and Grigg[15] synthesized the first 21,22- N4 porphyrins Table ). The lifetimes of singlet excited state
dioxaporphyrin35 by [2+2] acid catalyzed condensation of were generally very low except for oxaporphyrins whose life-
a 5,8-diformyldifuryl 36 with a dipyrromethane diaci@7 times are almost comparable to those of porphyrins[35].
(Scheme 8). Lee and Cho[40,41] recently developed a (4) The heteroatom porphyrins are easy to reduce and difficult
novel synthetic strategy to prepare 21,22-diheteroporphyrin® oxidize compared to regular porphyrifs,47] (Table 1.
12-14 containing sulfur and oxygen atom$daheme B).  Thisis attributed to the inductive or electron withdrawing effect



Table 1

Selective data of general propertiesmafso-aryl heteroporphyrins with different heteroatom substituted cores

Compound 1H NMR B-heterocycle Electronic spectraaps (Nm) Fluorescence Electrochemical X-ray distarfk)a (
proton (ppm) s o
Soret oW 0 (0,0), Aem (NM) b 71 (ns) E} /Ozxd ) E; ;gd ) N(22)- - -N(24) X(21) - -X(23),
X(21) - -N(23)

N4P 8.72 419 647 650 0.110 9.52 1.03 -1.23 4.06 4.20
21-N3OP 9.13 422 672 678 0.037 8.43 - -1.20 4.03 4.13
21-N3SP 9.81 428 680 685 0.016 1.36 1.04 —1.07 4.40 3.54
21-N3SeP 10.03 433 678 - - - 1.14 —0.88 4.49 3.36
21-N3TeP 10.42 440 681 - - - - - 4.65 3.13
21,23-N,0,P 9.37 416 704 655 0.418 - - —0.92 4.06 428
21,23-N,S,;P 9.63 435 699 706 0.007 1.25 1.18 —0.94 4.65 3.07
21,23-N;,Se, P 9.86 447 694 - - - 1.14 —0.88 - 2.85
21,23-N,SOP 9.78 (S), 9.19 (O) 428 707 713 0.005 - - —0.90 - -
21,23-N,SSeP 9.58 (S), 9.96 (Se) 441 692 - - - 1.17 -0.91 - 2.89
21,23-N,STeP 9.05 (S), 10.14 (Te) 445 668 - - - - —0.82 - 2.65
21,22-N,0,P 9.68,9.77 410 640 - - - - - - -
21,22-N,S,P 9.38,9.42 441 698 - - - - - - -
21,22-N,SOP 9.81,9.91 (0O) 9.94, 427 692 - - - - - - -

10.18 (S)

a X-ray data of porphyrin dication.
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that the heteroatom has on the frontier orbital of the porphyrin.
The heteroporphyrins also has a strong ability to stabilize met-
als in unusual oxidation states, which are not possible with
regular porphyring2]. (5) The crystal structures solved for var-
ious heteroatom substituted porphyrins and metalloporphyrins
[2] indicate that the presence of large heteroatoms shrinks the
core of mono and diheteroporphyrins relative to those of regu-
lar porphyrins as revealed by the comparison of the diagonal of
the tetragon formed by the donor atoms of the porphyrin core
(Table J). The variation of the structures of the heteroporphyrins
compared to regular porphyrins alters the electronic proper-
ties considerably. However, the structures of oxaporphyrins
are almost similar to those of regular porphyrins because of
the similar sizes of the “N” and “O”. Hence, the properties
of oxaporphyrins are almost similar to that of; [dorphyrins
[35].

4. Latest developments in metal complexes of

heteroporphyrins . i o .
Fig. 1. X-ray structure ofl1 (a) top view and (b) side view (reproduced with

ission from Refl48]).
It was well established that 21-monothia, 21-monooxa, 21-permISSIon fom Ref48)

monoselena, 21,23-dioxa and 21-oxa-23-thiaporphyrins form o ] )

metal complexes and the interesting features of the crystal struéQllowed by recrystallization yielded Ruf$PP)Ch in 52%
tures solved for few of the metal complexes were discussed ifi€ld- When other ruthenium metal sources, such ag®0):2
detail in the Porphyrin Handbool2]. Until recently, it was Were used, metalation did not occur indicating that Ru(COPR)CI
assumed that the 21,23-dithiaporphyrin did not form metalS e.s§ential for the rgaction. .The absorption spectrurd1of
complexes which was attributed to the weaker co-ordinatinf(h'b'ted bathochromically shifted Soret (468 nm) and tiee
ability of the thiophene moiety and also to its smaller core-Pands (563, 594 and 810 nm) and the bathochromic shifts were
size. However, Hung et a[48] reported the synthesis and attributed to the distortion of the porphyrin ring. _
characterization of RugSPP)Ch 41, the first metal complex ~ he X-ray structure solved fdd showed that both thiophene
of 21,23-dithiaporphyrinChart 9. The 21,23-dithiaporphyrin rings coordinate to ruthenium in a pyramidal side—pn fashion
was treated with five equivalents of Ru(cyclooctadieng)Cl and the geometry of sulfur resembles those of the thiaporphyrin

{RU(COD)Cb} in o-dichlorobenzene at refluxing temperature andn*-thiophene complexesg. 1). The dithiaporphyrin ring
was tilted away from the mean porphyrin plgne. The pyrrole

rings were planar with mean deviation of 0.088which was
much smaller than the mean deviation of 0.878bserved for
the thiophene rings. The chloride ions were tilted® 2Z6Bm
the normal of the mean plane and provide a regular octahe-

dral co-ordinating geometry around the Ru(ll) metal ion. The
@ @7 O O bond distances and bond angles around the dithiaporphyrin in
41 match closely with those of free base 21,23-dithiaporphyrin

and this indicates that the ring distortion resulting from the inser-
tion of large Ru(ll) metal ion into the porphyrin ring did not
affect thew-delocalization of the dithiaporphyrin. An electro-
chemical study 041 showed the first oxidation at 0.35 V and the
firstreduction at-0.71 V which were assigned to Ru(ll)/Ru(lll)
and Ru(l)/Ru(l) couple, respectively; however, it is more likely
that the reduction process involves porphyrin reduction and not
reduction to Ru(l).

Recently, three more metal complexes of 21-heteropor-
phyrins were reported[49-52] Arnold and co-workers
[49] prepared a lithium complex of 21-monothiaporphyrin
42 in 90% vyield by reacting the porphyrin with lithi-
umbis(trimethylsilyl)amide in THF at room temperature. The
lithium complex42 decomposes on exposure to even a slight
trace of moisture. The absorption spectrum showed one strong
Chart 2. New metal complexes of heteroporphyrins. Soret like absorption at 458 nm along with a weaker broad

43
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Fig. 3. X-ray structure 043 (reproduced with permission from R¢50]).

Fig. 2. X-ray structure ofi2 (a) top view and (b) side view (reproduced with

(38.4°). The three pyrrole nitrogen atoms were only slightly
tipped away from the 8 plane and the thiophene ring was

. . slightly folded. The bending and slight folding of the thiophene
and 619 nm. ThéLi NMR showed a single peak at10.2 ppm, ring in 43 helps the sulfur to co-ordinate to the mercury in the

which was at higher field compared to the dilithiated tetraryl'usualnl(S) fashion
porphyrins and supported that the lithium cation is bound in the Pawlicki and Latos-Grayfiski synthesized the iron com-

centre of the macrocyclg9]. Th? X-ray analysis o#2 indi- plexes of 21-oxaporphyrik1,52] The high spin six co-ordinate
cated that the macrocycle was distorted from planaFitg.(2). | ! . . .

. . : OTPP)Fé&! Cl, 44 was obtained in 63% vyield by treating 21-
The three pyrrolic subunits were almost planar and thlopheng N .
. . . oxaporphyrin with FeGl in CHCI3/CH3OH followed by one
ring was out of plane with a dihedral angle of 121 the electron oxidation with dioxygefs1]. The compoundd was
plane defined by the tripyrrane unit. The dihedral angld2n . Ygeb-Ll. P .
was smaller than that found for nickel(l)-21-thiaporphyrin Com_characterlzed byH NMR and single crystal X-ray analysis.

The structure ofl4 presented irFig. 4 indicates that iron(lll)

plex (14.6) but larger than of iron(ll)-21-thiaporphyrin com- . ™~ . : . .
L2 ) 2 ion is co-planar with the furan ring which coordinates the metal
plex (11.8). The lithium cation was located 0.8dabove the ion in m* fashion. The FE—CI(1) [2.302(1/] and F&''—CI(2)

tripyrrane plane which was IQrger than that found for Ni(l)-21- P .
thiaporphyrin complex (0.04R) and Fe(ll)-21-thiaporphyrin [2.301(1)A] distances i4 were the longest found among the

complex (0.53§\) [2]. The lithium ion in42 was in a roughly
square pyramidal arrangement with oxygen atom of the THF
molecule occupying the fifth coordination site. The sulfur to
lithium distance in42 {2.33(2),&} was comparable to those
found in the corresponding Ni(I{)2.143(6)&} and Fe(ll) com-
plexes{2.388(3)&} of 21-thiaporphyrif2] suggesting the pres-
ence of bonding interaction between these atoms.

The diamagnetic HYSTPP)ClI43 was prepared in 75%
yield by treating the 21-thiaporphyrin with Hg(OAc)in
CHzCI/CH30H at refluxing temperature followed by recrys-
tallization[50]. Interestingly, unlike the other five co-ordinated
complexes of M(STPP)CKM=Fe(ll), Ni(ll) and Cu(ll)}
which were square pyramidg®], 43 is a five co-ordinated
distorted trigonal bipyramid with Cl and N(2) occupying the
two apical sites Kig. 3). The five co-ordinated mercury(ll)
bonds three pyrrole nitrogen atoms [Hg(l)-N(1) = 2.626°>(]4)
[Hg()-N(2)=2.104(4)3], [Hg()-N(3)=2.640(4)A], one
thiophene sulfur [Hg(l)-S = 2.801(@)] and one axial chloride
ligand [Hg(I)—CI(1) = 2.318(1}]. The porphyrin macrocycle (b) i
in 43 is non-planar and the thiophene moiety was bent out Ofig. 4. X-ray structure o4 (a) top view and (b) side view (reproduced with
the 3V plane and the dihedral angle (23vas smaller than that permission from Ref51]).

absorption at 346 nm and tw@-type absorption bands at 570
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high-spin iron(l11) porphyrins indicating the mutuahns inter-
action of axial chloride ligands.
The complex4 was subjected to various reactions. Whdn
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positions. These could be useful to synthesize complex hetero-
porphyrin systems. Recently, a series of heteroporphyrin build-
ing blocks with porphyrin cores, such ag®$, N3S, N3O and

was treated with mild reducing agents, such as sodium dithiorN>SO having 1-4 functional groups, such as iodo-, ethynyl-,
ite, this resulted in the formation of the one electron reducedhydroxy, aldehyde etc omeso-phenyls or pyridyl groups
product (OTPP)FECI. When excess potassium cyanide wasat meso-positions were synthesizel®3,38,39,53-62] These

added to44 in methanol, it resulted in the formation of low
spin complex [(OTPP)F&(CN),]. However, when this reac-

building blocks were used further to construct energy donor
appended heteroporphyrin systef6,58,63,64Jand covalent

tion was carried out under anaerobic conditions, the cyanidf88,39,54,55,62and non-covalerf69—-61]unsymmetrical por-
acts as a one electron reducing agent and produced the diamadyrin arrays containing two dissimilar porphyrin cores.

netic [(OTPP)Fe(CN)~. The (OTPP)F&CH,CH,CH,CHjz)
was obtained by reactingd or (OTPP)F&CI with n-BuLi in
n-hexane at 205 K. The (OTPPYREH,CH,CH,CHz) decom-
posed at 250C via homolytic cleavage of the iron—carbon bond
and produced the low spin paramagnetic (OTPP)Recently,
the reactivity of chloroiron(ll) derivative of 5,20-ditolyl-10,15-
diphenyl-21-oxaporphyrins [(ODTDPP)¥€l] was tested with
various aryl Grignard reagen{§2]. (ODTDPP)F&CI when
treated with (GFs)MgBr in toluene resulted in the for-
mation of high-spino-aryl complex (ODTDPP)RECgFs).
(ODTDPP)F&CI reacts with (GHs)MgBr, to give a rare
six-coordinate [(ODTDPP)R¢CgHs),]~ which on further
warming above 270K vyielded the mowephenyl com-
plex (ODTDPP)FE(CgHs). The controlled oxidation of
[(ODTDPP)Fé (CgHs)2]~ with Brp afforded (ODTDPP)
Fé'' (CgHs)Br.

5. Heteroporphyrin building blocks and covalent and
non-covalent porphyrin systems

5.1. Heteroporphyrin building blocks with four functional
groups

The 21,23-dithiaporphyrin building blocks having four
ethynyl, iodo and bromo functional groups eteso-phenyls
45a—d were reported recentljp4,55,64] The thiophene diols
46a—c were synthesized by reacting 2,5-dilithiothiophene
with 4-bromobenzaldehyde, 4-iodobenzaldehyde and 4-
trimethylsilylethynylbenzaldehyde, respectively, in THF
(Scheme %under Ulman and Manassen conditid88]. The
porphyrins 45a— were synthesized in 13-19% yields by
condensing the respective didéa—c with pyrrole under mild
acid porphyrin forming conditionsScheme b The 21,23-
dithiaporphyrin with four ethynyl groups aiara-position of
meso-phenylsd45d was prepared in 80% yield by deprotecting
the porphyrindSc using KxCOz in THF/CHsOH at room
temperature.

The tetra-functionalized 21,23-dithiaporphyrin building
blocks have been used to synthesize the covalently linked

Although the general synthetic methods for heteroporphyringliaryl ethyne bridged boron-dipyrrin (BDPY) appended 21,23-

have been well established, no attempts have been made
synthesize heteroporphyrins having functional groupseab-

n-BuLiyTMEDA R
n-hexane
®) -
S R—_)—cHo
THF

dahiaporphyrin[55,63] (BDPY)4S,TPP 47 using copper free
palladium(0) coupling conditionf65]. Coupling of45d with

R
R =Br : 46a
R=I : 46b
R =Si(CH3); :46c

Scheme 4. Synthesis of thiophene diéda—c.

R
R R O
O /IR Q £ ﬂ BF;.0Et, , CHEC|2‘-— .
S N >
H H H DDQ, RT
OH OH
R=Br : 45a
46
R=Br : 46a O R=1I : 45b
R = Si(CH3); : 46¢ a5 R=CCH : 45d

Scheme 5. Synthesis of tetra-functionalized 21,23-dithiaporphyrins.
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Pd;(dba)y/ AsPhy F_

SRR S
\ ,rN Toluene/Et;N F
B
/N
F F
48

Scheme 6. Synthesis of,8, porphyrin appended with four boron-dipyrrin appended units.

N,N-difluoroboryl-1,9-dimethyl-5-(4-iodophenyl)dipyrrd8 at ~ cence study indicated that the rate of energy transf47 finrom
35°C in the presence of a catalytic amount of,fibay boron-dipyrrin unit to NS, porphyrin unit was sloW66]. The
and AsPh followed by column chromatographic purification slow rate of energy transfer 7 was attributed to the pres-
resultedd7 in 20% yield Scheme b ence of two sulfur atoms in the porphyrin core, which increased
The 'H NMR spectrum of47 showed peaks correspond- the contribution of non-radiative decay channels. However, the
ing to both porphyrin and boron-dipyrrin units with negligible similar boron-dipyrrin appended systems with regular porphyrin
changes in chemical shifts indicating little interaction between(BDPY)4H>TPP (the structure is not shown) reported earlier
the units. The absorption spectrum 4 showed one strong showed an efficient energy transféid. 5 from boron-dipyrrin
Soret and thre@-bands with almost no shifts in peak max- unit to N4 porphyrin unit[67].
ima confirming the weak interaction between the units. The The 21,23-dithiaporphyrin building block with four
photophysical properties @7 were studied using both steady ethynylphenyl groupstsd was also used to synthesize the
state and time-resolved fluorescence technifffe$4,66] The  unsymmetrical porphyrin pentamd® containing one NS, unit
steady state fluorescence study carried out at 485 nm excitati@nd four N; units in 37% yield by coupling5d with 5,10,15-
wavelength where boron-dipyrrin units predominantly absorbftri(3,5-di-tert-butylphenyl)-20-(4-iodophenyl)porphyrin under
showed major emission from boron-dipyrrin units, indicatedsimilar copper free palladium coupling conditionShart 3
a very inefficient energy transfer from boron-dipyrrin units to [54,55] The Zn(ll) derivative (ZnTPRBS, TPPZn49 (Chart 3
21,23-dithiaporphyrin unitKig. 5. The time resolved fluores- was prepared in 90% vyield by treatid§ with Zn(OAc), in
CHoCl»/CH30H under standard conditiofs5]. ThelH NMR
and absorption studies indicated a weak interaction between the
300 central NS, porphyrin unit and peripheral Noorphyrin units.
if: The photophysical studies carried out at 420 nndfovhere N,
units absorbs strongly and at 550 nmZard49 where the zinc(ll)
derivative of Ny unit is the dominant absorber indicated an effi-
cient energy transfer from the peripheraj df ZnN, porphyrin
units to the central S, porphyrin unit[54,55,64,66]

200+

Intensity

5.2. Heteroporphyrin building blocks with three functional
groups

100+

There are no reports available to synthesize the tri-

: functionalized heteroporphyrins prior to the recent mono-ol
500 600 700 800 method developed by Gupta and Ravikanth, which gave access

Wavelength / nm to the tri-functionalized 21-thia and 21-oxaporphyrin building

Fig. 5. Emission spectra of (BDPY3, TPP47 (—), (BDPY)H,TPP (---)and ~ Dlocks[38,39] Condensation of two equivalents of &-éryl-
free boron dipyrrin (BDPY) (. .) recorded in toluene atex =485 nm. a-hydroxymethyl) thiophen27 or furan26 (thiophene or furan
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M=2H :49

By M=2Zn :Zn49

Chart 3. Diaryl ethyne bridged unsymmetrical covalent pentamers.

mono-ol) with two equivalents of functionalized aryl aldehyde gave low yields (2—6%), the trifunctionalized 21-thia and 21-
and three equivalents of pyrrole under acid catalyzed condiexaporphyrins can be prepared in good quantity using easily
tions followed by column chromatography gave the desirecavailable precursors.

tri-functionalized 21-thia or 21-oxaporphyrin§Sdc¢heme Y. The use of the trifunctionalized heteroporphyrin building
By following this route, 21-thidf0a—d and 21-oxaporphyrins blocks was demonstrated by synthesizing two non-covalent
51a—c containing three iodophenyl and pyridyl groups atunsymmetricaltetramef and53 containingone NS andthree
the meso-positions were synthesized. Although this methodN4 porphyrin units Chart 4 [39]. The non-covalent porphyrin

R
/o \ Propionic acid
} 3/ \ o R
2w X~ + 2 RCHO + (N) Aot 1 O
OH H
X=8 :27 R
X=0 :26 X=S :50
- - ) - X=0 :51
X=8 50a 50b 50c 50d
X=0 51a 51b 51c -

Scheme 7. Synthesis of tri-functionalized 21-thia and 21-oxaporphyrins.
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Chart 4. Unsymmetrical non-covalent porphyrin tetramers.

arrays52 and 53 were synthesized by treating porphyfifib respectively, were synthesiz¢86—58,60]by condensing 2,-
and 50c¢, respectively, with RUTPP(CO)(EtOH) in toluene at bis(x-aryl-a-hydroxymethyl)thiophen21 or furan20 with two
refluxing temperature. Similar unsymmetrical tetramers werequivalents of funtionalized aryl aldehyde and three equivalents
not formed when NO porphyrin51b or 51c were treated with  of pyrrole under porphyrin forming conditionS¢heme @ This
RUuTPP(CO)(EtOH) under identical reaction conditions. condensation resulted in the formation of a mixture of three
The tetramer formation resulted in the largel NMR porphyrins: a desired 21-th&9 or 21-oxaporphyrire0 along
upfield shifts of inner NH 3-pyrrole and pyridyl protons of with 21,23-dithiaporphyrin7 and regular porphyrid which
21-thiaporphyrin sub-unit in tetramers compared to the correwere separated by column chromatography. Using this approach
sponding monomersTéble 2. The inner NH proton of the thecis-porphyrin building blocks containing functional groups,
thiaporphyrin unit in52 and 53 experienced about &2 ppm  such as iodophenyl, ethynylphenyl and pyridyl groups at the
upfield shift compared to their corresponding monomers. Simmeso-positions were synthesized.
ilarly the pyridyl protons which were adjacent to RUTPP(CO) The 21-thia and 21-oxaporphyrin building blocks with two
unit andB-pyrrole protons of thiaporphyrin unit if2 and53  functional groups at theneso-positions incis fashion were
also shifted upfield by-6 and~2 ppm, respectively, compared used to synthesize complex heteroporphyrin based systems. The

to their corresponding monomers. covalently linked boron-dipyrrin appended 21-tidihand 21-
oxaporphyrir62 systemsChart § were synthesized by coupling

5.3. Heteroporphyrin building blocks with two functional 59a and60b respectively withd8 under copper free palladium

groups coupling condition$65]. TheH NMR and absorption spectro-

scopic studies afl and62 suggested aweak interaction between
Lindsey and co-workerfs3] have developed a novel effi- the boron-dipyrrin and porphyrin units. The photophysical prop-
cient method to prepareans substituted 21-thi®4 and 21- erties were studied fa¥1 and62 using static and time-resolved
oxaporphyrin35 building blocks. Condensation of the func- fluorescence techniques. The study indicated that b&hamd
tionalized thienylpyrromethane di®6 or furylpyrromethane 62, the energy transfer occurred from boron- dipyrrin units to
diol 57 with a functionalized dipyrromethang8 under acid 21-thia and 21-oxaporphyrin units, respectively. However, the
catalyzed conditions followed by column chromatographyrate of energy transfer i62 was relatively faster thaéil, which
n yielded 54 or 55 (Scheme B having iodophenyl and was attributed to the proximity of donor and acceptor units in
trimethylsilylethynylphenyl groups at theweso-positions in 62 [64,66]
trans fashion. However, these compounds were not used in any The cis-heteroporphyrin building blocks havingieso-
applications. pyridyl functional groups were used to synthesize the non-
A series of 21-thia and 21-oxaporphyrins with two functional covalent heteroporphyrin systenfs9,60] The non-covalent
groups at theneso-positions incis fashion59a—f and 60a—{, unsymmetrical trimer®3 and 64 (Chart § containing one

Table 2

1H NMR chemical shift § in ppm) of selected protons of tetramers and their corresponding monomers

Compound Inner NH 2,6-Pyridyl B-Pyrrole

50b —2.84 9.09 (m), 9.05(m) 8.94 (d), 8.76 (d), 8.70 (d), 8.61 (d), 8.57(d)
52 —4.33 1.86 (d), 1.78 (t) 6.90 (M), 6.82 (M), 6.71 (d), 6.50 (d)

50c —2.74 9.44 (m), 9.04 (br s) 8.94 (s), 8.76 (d), 8.69 (d), 8.60 (d), 8.53 (m)

53 —-4.20 1.99 (m) 6.59 (M), 6.77 (M), 6.92 (M)
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R CH3CN
\..;( HN/ R BF;OE{Z.
CHg Q OH HO O & 4 m e
DDQ
X=§; R= CH; : 56a R = @-c:i-cs 58a l
X=§; R= I :56b R,=@_5Si(CH3)a : 58b

| . 57b

—-
— -

X=0; R=—(" )—CH, : 57a R
O

&
X=8. R:—©—| ; H‘:—@ési(CHah : 54
X=0. R= —©—| : R':—@%Si(CHs)g 155

Scheme 8. Synthesis ofins-substituted 21-thia and 21-oxaporphyrins.

N3S porphyrin core and two Nporphyrins cores were syn- 5.4. Heteroporphyrin building blocks with one functional
thesized in 36—45% yields by treatings-pyridyl porphyrins  group

59¢ and59d, respectively, with RuTPP(CO)(EtOH) in toluene

at refluxing temperature. The shifts of Nig-pyrroles and Lindsey and co-worker§53] extended the same synthetic
pyridyl protons towards upfield compared to their correspondstrategy, which they have used for the synthesistrofis-
ing meso-pyridyl porphyrin monomers iftH NMR confirmed  substituted core-modified porphyrin building blocks (shown
the formation of trimers. The attempts to prepare the nonin Scheme B to synthesize 21-thia and 21-oxaporphyrins
covalent trimers containing 40 porphyrin 60c—d were not  with one functional group6 and 67 (Chart 7). Condensa-
successful. Latos-Gginski and co-worker$59] used thecis  tion of the dipyrromethan&8b with thienylpyrromethane diol
pyridyl N3S porphyrin 59¢ to synthesize a self-assembled 56a and furylpyrromethane diof7a resulted in the forma-
cyclic rhomboid dimer65 (Chart § by treating59c with 1,3-  tion of mono-functionalized 21-thi&é and 21-oxaporphyrin
bis(diphenylphosphino)platinum bistriflate complex. 67, respectively. By this method, 21-thia and 21-oxaporphyrins

—

A CH,Cl, BF;.0Et,/DDQ
+ N
H

or Propionic acid, reflux

- 59f

X=8 59a 59b 59c¢ 59d 5%

X=0 60a 60b 60c 60d 60e 60f

Scheme 9. Synthesis ofs-21-thia and 21-oxaporphyrin building blocks.
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Chart 5. Boron-dipyrrin appended 21-thia and 21-oxaporphyrin systems.

containing a trimethylsilylethynylphenyl functional group at (Scheme 1 This condensation resulted in the formation of a
meso-position adjacent to pyrrole ring were synthesized; themixture of three porphyrins and the required porphy8ror 69
applications of these building blocks have not been exploreavas separated by column chromatography. The method was used
[53]. only to synthesize 21-thia and 21-oxaporphyrins containing an
Lee et al.[33] also prepared the mono-functionalized 21-iodophenyl group atieso-position.

thiaporphyrin68 and 21-oxaporphyrie9 by condensing the The mono-ol method which we have used to synthesize
functionalized unsymmetrical tripyrran®20 with symmetri-  the tri-functionalized 21-thia and 21-oxaporphyrins was further
cal thiophen&7 or furan diol26 under Lindsey’s conditions extended to synthesize the mono-functionalized 21-hie-d

Chart 6. Unsymmetrical non-covalent heteroporphyrin systems.
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To synthesize the monofunctionalized 21-thiaporphyrins, one
equivalent of diol77 was condensed with two equivalents of
aryl aldehyde and three equivalents of pyrrole under Lindsey or
Adler's conditions. This condensation gave a mixture of four
porphyrins and the desired 21-thiaporphyfihwas separated
by column chromatography. The mono-functionalized 21,23-
—==—Sj(CHg)3 dithiaporphyrins75 were synthesize{62] by condensing the
diol 77 with 16-thiatripyrrane33 (Scheme 1R The condensa-
tion resulted in the formation of mono-functionalized 21,23-
dithiaporphyrin as sole product in 10-12% yields. The mono-
functionalized 21-thia-23-oxaporphyrifié were prepare{b2]
as a single product by condensing di@lwith 16-oxatripyrrane
32 (Scheme 1p

X=S :66 The mono-functionalized porphyrin building blocks gave
X=0 :67 access for the first time to the unsymmetrical porphyrin dimers
containing any two desired porphyrin units. We have explored
Chart 7. 21-Thia and 21-oxaporphyrins having trimethylsilylethynylphenyl the use of the mono-functionalized heteroporphyrins in the syn-
functional group. thesis of a series of covalently linked unsymmetrical diaryl
ethyne bridged porphyrin dimef8-84 containing two differ-
and 21-oxaporphyrin&2a,b. To prepare 21-thidla—-d and 21-  entporphyrin coref88,39,62] The porphyrin dimers containing
oxaporphyring2a,b having oneneso-functional group adjacent two different porphyrin cores were synthesized by coupling the
to heterocyclic ring, the functionalized thiopheteor furan74 appropriate porphyrin building block having the iodophenyl
mono-ols were usef88,39] The functionalized thiophene or group with the porphyrin building block with ethynylphenyl
furan mono-ol was condensed with aryl aldehyde and pyrrolg@roup under Lindsey’s copper free mild palladium coupling con-
under porphyrin forming conditions resulting in a mixture of two ditions [65] as illustrated irScheme 13or the synthesis d18.
porphyrins. The desiretll or 72 was separated by column chro- The dimer78 was prepared by coupling of zinc(ll) 5,10,15-
matography $cheme 1)L The method was used to synthesizetri(mesityl)20-(iodophenyl$5 with the deprotected form Gfla
the mono-functionalized 21-thia and 21-oxaporphyrins containin the presence of B¢dbak/AsPh in toluene/triethylamine
ing iodophenyl, bromophenyl, hydroxyphenyl, ethynylphenylat 35°C for 2h (Scheme 1B Thus, a series of dimers con-
functional groups at theieso-position. taining different porphyrin coresChart 9, such as W-N3S

We also developed an alternate method to synthesiz@8,79; N4—N3O 80; Ns—N2S; 81; N3S—-NsO 82; N3S-NbS,
the mono-functionalized 21-thial, 21,23-dithia75 and 21-  83; N2S,—N>SO 84 were synthesized in decent yields under
thia-23-oxaporphyrins7é using functionalized unsymmetri- these coupling conditiori38,39,62] NMR and absorption spec-
cal thiophene diol77 as a single common precursf#8,62] tra of dimers78-84 indicated a weak interaction between the
(Scheme 1p porphyrin units. Since the porphyrins in unsymmetrical dimers

Q O BF4.0Et, /
I\

+ CHoCl,
H X H
OH OH DDQ, RT
X=0 :20
70 X=8 21
O w Q + Q m Q B O & -~
' [
X=8S : 68
X=0 :69

Scheme 10. Lee’s approach for the synthesis of mono-functionalized 21-thia or 21-oxaporphyrins.
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CHO
" / \ R N 3/ \ Propionic acid

+ 2 e

X H N Reflux , 2h

%OOO

O 72a = = 72b

71d

Scheme 11. Synthesis of mono-functionalized 21-thia and 21-oxaporphyrins by mono-ol method.

H* H*
DDQ DDQ

=Tolyl  Ar=Ph

33
CHa
éo H30
. 9 O %
CHy, ° n L
3
R = R = R =

0 r
s

75e \_/N 71g @ 76e \ N
75f —Q 71h 4@—@}
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Scheme 12. Synthesis of mono-functionalized 21-thia, 21,23-dithia and 21-thia-23-oxaporphyrins using unsymmetrical thiophene diols.
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Fig. 6. Emission spectra 68 recorded in toluene afex =550 nm.

78 OCgH;7

Scheme 13. Synthesis of unsymmetrical diarylethyne bridged covalent dimer.

energy transfer from donor porphyrin unit (normal porphyrin or
. . . . its zinc(ll) derivative) to acceptor porphyrin unit (21-thia, 21-
78-84 absorb in two different regions, the photophysical proper—oxa an((d )21 3. dithi;porphyrigs) ;S c%n%‘irme d b§/ steady state
ties of the dimers are expected to be interesting. A preliminaryﬁuorescenc;a studigs9,62]

photpphyswal st_udy_was carr_led out on some of _the UNSYM™" 1he mono-functionalized heteroporphyrins having pyridyl
metrical porphyrin dimers which exhibited interesting energyfunctional groups atneso-positions were used to synthesize

transfer properties from one porphyrin unit to the other on selec- ; -
tive excitation of one porphyrin uni39,62] For example, a unsymmetrical non-covalent porphyrin dime86-89 (Chart

steady state fluorescence study of dirfi®rcontaining Zn(ll) .9)' The 21-thia71f.g and 2%’23 dlthlaporphyr|ﬂ5e,f_bund
7 . . . .._ing blocks were reacted with RuTPP(CO)(EtOH) in toluene
derivative of normal porphyrin and 21-thiaporphyrin sub-units : . : .
. ) . o overnight and afforded dimeB86—89 (Chart 9 in decent yields
was carried out with selective excitation at 550 nm where th

Zn(l) derivative of normal porphyrin unit absorbs strongly. The?61’68}

major emission was observed from the 21-thiaporphyrin unit
suggesting an efficient energy transfer from the Zn(ll) deriva- . .
tive of the normal porphyrin unit to the 21-thiaporphyrin unit - B-Substituted heteroporphyrins

(Fig. 6). Similarly, the dimers79-81 also showed an efficient . . .
Porphyrins have two reactive positions—tfie andmeso-

positions at which suitable substituent(s) can be introduced
to tune the electronic properties of the porphyrin for specific
o A applications. The3-functionalization of porphyrins is of con-
siderable chemical interest since fhwsubstituents are in direct
conjugation with the porphyrin ring and small changes in the
Ar O — Q An substituents alter the properties of the porphyrin macrocycle.
There are several reports on both electron releasing and electron
withdrawing substituents &@-pyrrole carbons of regular por-

Ar An phyrin systemg69,70] Porphyrins with electron withdrawing
X=§, X'=NH, Y=Y'=N, M=Zn 178 substituents, such as —Br, M@t B-pyrrole carbons of regular
X=8, X=NH, Y=Y'=N, M=2H . 79 porphyrins are found to be robust catalysts for alkene epoxida-
X=0 X=NH, Y=Y<=N M=2zn . 80 tlon_ and alkane hydroxylation reactlo[l‘s1,7_2,73] However,

until recently, there are no reports @rsubstituted heteropor-
X=8 X'=§, VY=Y=N M=2zn - 81 phyrins to understand thg-substituent effects on electronic
X=8, X'=NH, Y=0, Y'= N, M=H : 82 properties of heteroporphyrins. Recently, a series of 21-thia and
X=S, X=S, Y=S, Y'=N, M=H . 83 21,23-dithiaporphyrins having bulky substituentggiositions
XoS X< VoS V-0 - have been synthesizg@4-79] Both B-pyrrole [74,78] and

B-thiophene substituted thiaporphyrifigs—77,79]have been
Chart 8. Unsymmetrical diarylethyne bridged covalent dimers. synthesized and the spectroscopic properties were studied.
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X=NH,Y=S : 86 X=NH,Y=S :88
X,Y=S8 . 87 X,Y=S8 189

Chart 9. Unsymmetrical non-covalent porphyrin dimers.

6.1. B-Pyrrole substituted thiaporphyrins standard acid catalyzed conditior&cbeme 1p Spectroscopic
studies omB-thiophene substituted thiaporphyrins showed the
We synthesized thre@-pyrrole substituted 21,23-dithiapor- upfield shifts intH NMR, red shifts in absorption and emis-
phyrins by following the known synthetic methodologi€hért  sion bands compared to thgunsubstituted thiaporphyrins
10). The tetrabrominated 21,23-dithiaporphyfiéa was syn- (Table 3. Furthermore, the magnitude of spectroscopic shifts
thesized in 70% vyield by treatin@ with 4.2 equivalents of were directly related to the number @fsubstituentsTable 3.
N-bromosuccinimide in chloroform at refluxing temperature.The comparison of absorption spectra @fpyrrole and -
The bromines at thg-pyrrole carbon atoms of the thiaporphyrin thiophene substituted thiaporphyri®®b and 92d, respec-
90a resulted in upfield shifts of 0.26 ppm of tRethiophene pro-  tively, along with unsubstituted thiaporphyrifi shown in
tons in*H NMR and red shifts of absorption and emission bandsFig. 7 indicated that the maximum shifts were noted 9$ad.
compared td7 [74]. Unsuccessful attempts were made to useThis suggested that the substituents at fathiophene car-
90a as a precursor to synthesize faryl substituted thiapor- bon atoms alter ther-delocalization of porphyrin more effec-
phyrins by treatin@0a with different aryl boronic acids under tively compared to the same substituents presegtyrrole
Suzuki coupling conditions. However, the aryl substituted 21,23€arbons.
dithiaporphyrin®0b and90c (Chart 1Q were obtained by con- A series of cyclic substituents, such as propane-1,3-diyldioxy
densing the corresponding 3,4-disubstituted pyrlasbh with and its ethyl and benzyl derivatives substituted at fie
thiophene dio21 under mild acid conditionsScheme 13{74].  thiophene carbon atoms of 21,23-dithiaporphy98a—c and
The large upfield shifts of thg-thiophene protons (0.44 ppm)in 21-monothiaporphyrin96a—c were synthesizedScheme 1p
1H NMR and more red shifts in absorption and emission bands df77]. 21,23-Dithiaporphyrin®5a—c were prepared in 8-12%
90b compared td@ (Table 3 indicated that the presence of bulky yields by condensing the substituted appropriate thiophene diols
phenyl groups at th@-pyrrole carbon atoms alter the electronic 97a—c with pyrrole and 21-monothiaporphyriféa—c were pre-

properties of the porphyrin more drastically. pared in 7-9% yields by condensing the substituted thiophene
diols with benzaldehyde and pyrrole under standard condi-
6.2. B-Thiophene substituted thiaporphyrins tions (Scheme 1 The cyclic substituents introduced at the

B-thiophene carbon atoms alter the electronic properties of the

We synthesized a series pfthiophene substituted 21,23- Porphyrins moderatelyTable 3. The moderate changes in the
dithia and 21-thiaporphyring75—77,79] The 21,23-dithia

92a—-d and 21-thiaporphyrin83a—d having methyl and phenyl 24

groups atp-thiophenes were synthesized by condensing the

appropriate 3,4-disubstituted thiophene dida—d with pyr-

role and with aryl aldehyde and pyrrole, respectively, under o, 1.81
o
? 1.2
Q
<

R,R =Br : 90a 064,
\S/ R,RI=C6H5 90b 000 L UNL N ey
©/\<=7/\® R = CgHs, R'=NO, :90c M 440 470 500
Wavelength / nm

90

Fig. 7. Comparison of Soret band absorption spectra @f), 90b (---) and
Chart 10.3-Pyrrole substituted 21,23-dithiaporphyrins. 92d (...) recorded in toluene.
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R=Ph :91a
R=NO, : 91b

Scheme 14. Synthesis pfpyrrole substituted 21,23-dithiaporphyrins.

Table 3
Selected spectroscopic datathiophene ang-pyrrole substituted thiaporphyrins
Compound B-ThiopheneB-furan (ppm) B-Pyrrole (ppm) Absorption Emission

Soret (nm) 0O-band (nm) Aem (NM) ¢
7 9.68 (s) 8.67 (s) 435 696 706 0.0076
90b 9.23(s) - 440 700 735 0.0009
92d - 8.10 (s) 454 715 736 0.0003
95¢ - 8.39 (s) 443 708 713 0.0178
98a - 8.26 (s) 446 714 744 0.0005
98d - 8.30 (s) 441 705 713 0.0080
3 9.81(s) 8.61 (d), 8.72 (d), 8.88 (s) 429 675 678 0.0168
93d - 8.32(s), 8.45(q), 8.88 (s) 448 705 708 0.0139
96¢ - 8.49 (s), 8.83(q) 432 680 685 0.0399
99a - 8.45 (d), 8.52 (d), 8.87 (m) 430 678 693 0.0023
99d - 8.42 (s), 8.50 (d), 8.84 (d) 431 678 685 0.0035

R=CHs, R'=H 92a
R=R'=CH;, 92b
R=CeHs R'=H 92c
R=R'=CgHs  92d

R=CHs, R'=H 94a
R=R'=CH, 94b
R=CgHs R'=H 94c
R=R'=CeHs  94d

BF5.OEt,,

R=CHs R'=H 93a
R=R'=CH;  93b
R=CgHs R'=H 93c
R=R'=CgHs 93d

Scheme 15. Synthesis pfthiophene substituted 21,23-dithia and 21-monothiaporphyrins.
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97a

97b

1 97¢

BF3.OEt,, ﬂ oHO — BF3.OFEt,

DDQ N + N DDQ
H H

95 96
= : 96a
R=H : 95a R=H
R =C,H :
R=CHs  :95b CoHs  :96b
R= CGH5 . 95¢ R= CGH5 : 96¢

Scheme 16. Synthesis pfthiophene substituted thiaporphyrins with cyclic substituents.

spectroscopic properties of the porphyrins were due to the flex-
ible nature of the cyclic substituents at faehiophene carbon
atoms.

The crystal structure solved f86c showed it is more planar
[77] (Fig. 8 than the slightly saddle shappeunsubstitute@1-
N3SP 3b [80] which was reflected in their dihedral angles. The
dihedral angles between the plane ofth®o-carbon atoms and
the four five-membered rings &bc and3b, respectively, are:
thiophene, 2.6 and 14.%; pyrrole N(1),—4.9> and —11.5;
N(2), 5.6 and 10.0; N(3), 0 and —7.4°. The non-bonded A
N(1)- - -N(3) distance irP6¢ was almost the same as that3bf s X
but the non-bonded-$-N(2) distance i96c was slightly lower o
compared tadb. The G—S, G,—Cg and G—Cg bond lengths @)
of both the pyrrole and thiophene rings 96¢ were slightly
altered compared witBb indicating that ther-delocalization m%@_@qmp@
was altered in the porphyrin macrocycle due to the presence of )
the substituent at the-thiophene carbon atoms. (b)

A series of tetraalkoxy and dialkoxy substituted 21,23-rig. 8. X-ray structure 096c (a) top view and (b) side view (reproduced with
dithaporphyrins98a—d and 21-monothiaporphyrin®9a—d,  permission from Ref77]).
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Fig. 10. X-ray structure c#9a (a) top view and (b) side view (reproduced with
Scheme 17. Synthesis @fthiophene substituted thiaporphyrins with alkoxy permission from Ref[79]).
substituents.

carbon atoms induced more planarity. The four five-membered

tivelv. havi th but v d dod rings in98b were in the same plane with foueso-carbons with
respectively, having methoxy, butoxy, octyloxy and do ecy'negligible deviation unlikg in which the four five-membered

loxy suk_)stltuents a[B-thlophene carpon aton[§5_,79]. These rings slightly deviated from the plane of the foueso-carbons
pqrphyrmg, were synthesmed by using appropriate alkoxy su 80]. The non-bonded -S-S' and the N--N’ distances were
stituted thiophene diolk00a—d as_shown |rS_cheme L7 slightly increased and decreased, respective§8mcompared

. The preslence of alkoxy subsytuent:ﬁethmphenes resulted to 7. The presence of substitutents @thiophene98b also

in shifts in*H NMR and red s_h|fts of apsorptlon and qupres- resulted in the decrease of the-@C and Gi—Cg distances of
cence bands compared to their l.'mSUbStltatadd?’. porphyrins the thiophene rings i88b compared t@. The structure 099a
(Table 3. The structures d#8b (Fig. 9 and99a (Fig. 1Q were 1 ' \yas slightly saddle-shaped with a mean deviation of
eIumdat_ed by single crystal X-ray diffraction analyr$, 79} 0.16A for the atoms in the porphyrin core. This was similar to
_Interest|ng|y,98b was more planar compared1¢80] SUGgeSt- yat of B-unsubstituted porphyriBb [80] suggesting that the
ing that the presence of butoxy substituents at@tbiophene two methoxy groups a-thiophene carbon atoms B9a did
not influence the structure of the porphyrin.99a, one of the
methoxy groups on thg-thiophene carbon tilted upward and
the other methoxy group was tilted downwdr®]. The G,—S,
Cg—Cg distances i®9a were almost similar to that Gb.

7. meso-Substituted heteroporphyrins

Porphyrin macrocycles are synthetically very flexible and
by introducing substituents @ or meso-positions, the prop-
erties can be tuned at will for any application. Most of the
porphyrins and heteroporphyrins reported to date commonly
have six-membered aryl groups maso-positions. Recently,
regular porphyrins havingeso-substituents as five-membered

heterocycles, such as thiophdB&—85]exhibited very interest-
et ; }sﬁgm_o_gfgg ing spectroscopic and electrochemical properties, which were
= attributed to the strong interaction between the porphyrin macro-
() cycle and the five-memberekso-substituents. The interesting

Fig. 9. X-ray structure 098b (a) top view and (b) side view (reproduced with €l€ctronic properties of the porphyrins with five-membered het-
permission from Ref[75]). erocycles asneso-substituents suggests that these porphyrins
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X=0 :106 CHs

Scheme 18. Synthesis akso-furyl substituted heteroporphyrins.

can be used as a substitute faeso-tetraarylporphyrins for and lifetimes of singlet excited statesméso-furyl porphyrins
various applications. We synthesized a series of heteropof87] compared tareso-aryl analoguestable 4. The changesin
phyrins having 2-furyl, 2-thienyl and 3-thienyl groups at the the spectroscopic properties were attributed to the greater res-
meso-positions and studied their ground and excited state propsnance interaction between the porphyrin and five-membered
erties[86—90] The heteroporphyrins having two and four furyl heterocycle$87,89]

groups atmeso-positions were synthesized using 2,5-bis(2- We also synthesizeeheso-thienyl substituted porphyrins
furylhydroxymethyl)thiophenel01 or furan 102. The tetra- with different cores, such as38, NsO and NS, [88]. The
furyl substituted 21,23-dithiaporphyrib03 was prepared by meso-2-thienyl substituted 21,23-dithiaporphyriil and 21-
condensing the diol01 with pyrrole and the tetrasubstituted thiaporphyrinsl12a,b were prepared using diaD7 andmeso-
21-thiaporphyrinl04 was preparedScheme 18by condens- 2-thienyl substituted 21-oxaporphyridd3a,b were prepared
ing the same dioll01 with furan-2-carboxaldehyde and pyr- using diol108 under standard condition€kart 1. The het-
role under standard conditiorj86]. The difuryl substituted eroporphyrinsl14—-116 with two and four 3-thienyl groups at
21-thiaporphyrinl05 and 21-oxaporphyril06 were prepared meso-positions were synthesized using ditd® and110 (Chart
(Scheme 1Bby condensind 01 and 102 respectively withp- 11). Similar to meso-furyl heteroporphyrins, theweso-thienyl
tolylaldehyde and pyrrole under mild acid catalyzed conditionsheteroporphyrins also exhibited changeskhNMR, absorp-
[86,87] The introduction of five-membered furyl groups at tion and emission propertig88,90] (Table 4. However, the
meso-positions of heteroporphyrins altered the electronic propeffects observed fameso-thienyl heteroporphyrins were com-
erties drastically compared to the heteroporphyrins with sixparatively less in magnitude thaweso-furyl heteroporphyrins
membered aryl groups. This was reflected in the downfield shiftéTable 4.

of the pyrrole and thiophene protonsliH NMR and red shifts The X-ray structures were solved fateso-thienyl hetero-
of absorption and emission bands with reduction in intensityporphyrins111 and115 [88]. The structure o111 was almost

Table 4

Comparison of selected spectroscopic data&b-furyl andmeso-thienyl heteroporphyrins and theiteso-aryl analogues

Compound B-ThiopheneB-furan (ppm) B-Pyrrole (ppm) Absorption Emission Lifetime
Soret (nm) Q-band (nm) Aem (NM) o 75 (NS)

7 9.68 (s) 8.67 (s) 435 696 706 0.0076 1.34

104 10.05 (s) 8.97 (s) 458 740 773 0.0025 1.20

111 9.91 (s) 8.86 (s) 447 713 738 0.0004 1.12

114 9.82 (s) 8.8.1(s) 440 704 717 0.0001 1.20

3 9.81(s) 8.61 (d), 8.72 (d), 8.88 (s) 429 675 678 0.0168 1.77

103 10.21 (s) 8.85 (d), 9.01 (d), 9.22 (d) 448 705 708 0.0139 1.06

112a 9.99 (s) 8.77 (d), 8.88 (d), 9.15 (d) 440 692 709 0.0002 0.97

2 9.16 (s) 8.52 (d), 8.62 (d), 8.89 (s) 419 671 676 0.0758 8.18

113a 9.59 (s) 9.21 (d), 9.47 (s) 430 682 690 0.0047 5.84
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Chart 11.meso-Thienyl substituted heteroporphyrins andso-thienyl heterocycle diols.

planar Fig. 11). The four five-membered rings were in the sameing the porphyrin rings in a supramolecular array formed due to

plane as the foumeso-carbon atoms with negligible deviation

the presence of a-&- - -N hydrogen bond between theso-

from planarity and thezeso-thienyl substituents were out of the thienyl CH group of one porphyrin ring and the pyrrole N atom

plane of porphyrin. Two of theieso-thienyl sulfur atoms were

of another porphyrif88]. This H-bonding was limited to the

above the plane and other two were below the plane. The nomsingle strand to form a ladder-type supramolecular assembly

bonding N--N’ (4.61A) and S-S distances (3.058) were
shorter in111 than in7 (N- - -N’: 4.65A, S- - -S': 3.069A) [80],
indicating thall11is more planar thah. The G—Cg distances of
thiophene and pyrrole rings ihl1 [1.353(5) and 1.3331(63,
respectively] were significantly shorter than7q{80], due to
the alteredmr-delocalization inl11 because of the thienyl sub-
stituents at theneso-positions. The most novel feature bf1

and was not extended between the strands. The structure of 21-
thiaporphyrin115 (Fig. 12 with two meso-thienyl groups and

two meso-aryl groups[88] was planar Fig. 12 compared to

the saddle-shaped structure3df[80]. In 115, the non-bonding
N(1)- - -N(3) distance (4.392) was almost the same as that of
3b but the non-bonding-S-N(2) distance (3.578) was longer
than3b (3.547,&) supporting the planarity observed fbt5.

was the observation of intermolecular hydrogen bonding hold- Porphyrins having bulky dendritic wedges at theso-

Fig. 11. X-ray structure of11 (a) top view and (b) side view (reproduced with
permission from Ref[88]).

positions have received a lot of attention in recent years because
of their importance as biomimic mode€l81,92], for catalytic
applicationg93] and also as attractive building blocks for the
formation of supramolecular architectures having well defined
shapes and dimensiof84,95] However, to date there is only
one report on heteroporphyrins having phenyl ether based
second generation dendrons ra¢so-position [96]. The 21-
oxaporphyrin117 (Scheme 1P having a bulky phenyl ether
based second generation dendron at #weso-positions incis
fashion was synthesized in 4.6% yield by condensing furan diol
20 with a second generation dendritic aldehy#d8 and pyrrole

in propionic acid at refluxing temperatui@s].

The emission study showed an energy transfer from dendritic
wedges to porphyrin unit. The material properties bf and its
Cu(ll) derivative Cull7 were studied by optical microscopy
and AFM analysis in contact mode. The optical microscopy
of 100uM solutions of the Cu(ll) derivative ad@ (CuOTPPCI)
showed random aggregates @a117 showed the formation
of large and small spherical aggregates up tquirbsize[96].

The AFM analysis supported the formation of large spherical
structures ofCul117 and showed that th€u117 formed nearly
spherical, robust and isolated assemblies whereas CuOTPPCI
formed random aggregates on a glass surf&ig. (L3. This
study suggested that the dedritic wedges assist in the formation
of large spherical supra structures with well-defined dimensions.
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Scheme 19. Synthesis of 21-oxaporphyrin with second generation dendritic wedges.
8. meso-Unsubstituted heteroporphyrins

Porphyrins withmeso-unsubstituted carbon(s) played a vital
role in synthetic porphyrin chemistry. The high reactivity of
the meso-carbon bridge of theneso-unsubstituted porphyrins
made these porphyrins ideal precursors for the synthesis of more
complex systems with special physical and chemical properties.
The B-unsubstitutedneso-unsubstituted porphyrin or porphin,
has not been well studied because of its very poor solubility
characteristics. Broadhurst and Griffg] in the early 1970s
synthesized 21-monoheteroporphyrit® and 16 as well as
21,23-diheteroporphyrin28-30 with four meso-unsubstituted
carbons (Schemeka and2a). Chmielewski et al. reported the
M synthesis of 21-oxaporphyrin with omeso-unsubstituted car-
bon but its chemistry was not extended furtf#®]. We recently
reported the synthesis of a series of thiaporphyrins with four,
and twomeso-unsubstituted carbonLhart 13 using simple
X 2.00 uM/div thiophene diol$97,98] The synthesis of 21,23-dithiaporphyrin
2 Z 500.000 nM/div 120 with four meso-unsubstituted carbon atoms as well as

Fig. 13. AFM image ofCul17 on glass substrate (reproduced with permission BfunSUbStitUted carbon atoms was attemp_ted using thiophene
from Ref.[96]). diol 119. However, the compound was not isolated due to the
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Chart 12. Four and twaeso-unsubstituted thiaporphyrins and their precursor diols.

unstable nature of the porphyrin. The foueso-unsubstituted  23-thiaporphyrii32 were also prepared alternately as presented
but B-substituted 21,23-dithiaporphyrii22 and two meso- in Scheme 20 by condensing the corresponding unsymmetrical
unsubstituted 21-thiaporphyrl23 were synthesized using thio- tripyrrane (35 and136) with an appropriate symmetrical diol
phene dioll21. Similarly, the thiophene diol24 was used to  (20b and21b).

synthesize the foumeso-unsubstituted 21,23-dithiaporphyrin ~ The reactivity ofmeso-unsubstituted porphyrins was tested
125 and two meso-unsubstituted 21-thiaporphyrih26. The  towards electrophilic and nucleophilic substitution reactions.
crystal structure solved far26 exhibited the formation of a The dibromo derivativd37 was synthesized in 55% vyield by
supramolecular assemi98] due to intermolecular €H---O  treating porphyrinl26 with N-bromosuccinimide in CHGlat

and G-H- - -N hydrogen bonded interactionsiq. 14). room temperatur®8]. The diethynyl porphyrii38 was synthe-

A series of monaneso-unsubstituted heteroporphyrins with sized in 58% yield by treating37 with trimethylsilylacetylene
different cores, such as3S, NsO, NoS, NoO2, N2SO and  in the presence of catalytic amounts of Pg@€Ph)2/Cul in
N20S127-132 were synthesize[®9] by following three differ-  THF/triethylamine followed by deprotection of the trimethylsi-
ent strategiesScheme 20 The monameso-unsubstituted 21- lyl group with KoCOz in THF/CH3OH (Scheme 21 meso-
thiaporphyrinl27 and 21-oxaporphyrih28 were synthesized by Bis(palladio)porphyrinl39 was synthesizefd8] in 28% yield
condensing the unsymmetrical thiophene d33 and furandiol  under Arnold et al.[100] conditions by treatingl37 with
134, respectively, with aldehyde and pyrroeoheme 28). The  Pdy(dbak/PPh in toluene at room temperatur8cheme 2L
mono meso-unsubstituted 21,23-dithiaporphyrit29, 21,23-  The meso-butyl porphyrin140 was synthesized using Kalisch
dioxaporphyrinl30, 21-thia-23-oxaporphyria31 and 21-oxa- and Senge methdd01] by treating porphyrii27 with n-BulLi
23-thiaporphyrin132 were prepared by condensing appro-at 0°C in THF followed by oxidation with DDQ $cheme 22
priate unsymmetrical diols183 and 134) and symmetric The mono bromo derivativé41 was synthesized similarly by
tripyrranes 83b and32b) as shown irScheme 26. The mono-  treating127 with N-bromosuccinimide in CHGlat room tem-
meso-unsubstituted 21-thia-23-oxaporphydB1 and 21-oxa- perature which was then coupled witla under palladium
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coupling conditions to yield the symmetrical covalently linked
phenylethyne bridged dimdd2 containing two NS porphyrin
cores Gcheme 2B

9. Heteroatom substituted corroles, carbaporphyrins,
chlorins, bacteriochlorins and tetrabenzoporphyrins

9.1. Heterocorroles

A corrole molecule is an 18r-electron aromatic tetrapyr-
role macrocycle with a direct— pyrrole—pyrrole link. Since
corroles have three ionisable hydrogen atoms, these molecules
can stabilize metals in +3 oxidation state whereas porphyrins,
which have two ionisable hydrogen atoms tend to stabilize
only +2 metal ions. Hence, much attention has been directed
recently on corrole chemistrj102,103] Johnson and Kay
[104,105]were the first to report the synthesis @falkylated
21,23-dioxacorrole, 21-oxacorrole and 22-oxacorrole by ring
closure reaction of the corresponding heteroatom containing
metallo linear tetrapyrroles. Later, Broadhurst et{a06,107]
synthesized a variety of heteroatom containing metallocorroles
by 2 +2 Macdonald type of condensation of dipyrromethanes
and 2,2-bifuran or 2,2-bithiophene at elevated temperatures.
The first synthesis of core-modifie@eso-aryl corrole was

Fig. 14. X-ray structure of26 (a) top view and (b) side view (reproduced with reported by Chandrashekar and CO-WOka.I@S]. They ISO-

permission from Ref[98]). lated 5,10,15-triaryl-21-oxacorrolB43 as a byproduct in 8%
HsC
/ \_ H
H X H
OH OH (a)
X=8 :133
X=0 :134 CHa
+ 0\
CHs H* Q
O CHO H
X=Y=8 1129 @CHS X=S,Y=NH :127
X=Y=0 2130 X=0,Y=NH :128
X=8,Y=0 :131
X=0,Y=S :132 |

X=8 :135 X=8 :21b X
X=0 :136 X=0 :20b X

Scheme 20. Three different synthetic routesifeso-unsubstituted heteroporphyrins.
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Scheme 21. Synthesis akso-functionalized 21-thiaporphyrins.

yield in their attempts to synthesize oxa-smaragdydd by  the Soret band split due to the lowering of symmetry. The emis-
an acid catalyzed oxidative coupling reactiorB2h andmeso-  sion spectrum o0fl43 was blue shifted compared with a
phenyldipyrromethan2s (Scheme 21 Sincel43 was formed  high quantum yield (0.88) relative @ (0.075). Interestingly,
in acid, the formation 0143 was attributed to the acidolysis of even the protonated species Bf3 was highly emitting with
dipyrromethanes followed by the recombination of fragmenteda quantum yield of 0.23. The X-ray structure 13 (Fig. 15
productq108]. exhibited an almost planar structure with only a small devia-
NMR studies revealed that43 exhibits asymmetric tau- tion of the inner-core heteroatoms from planarity varying from
tomerism where the NH proton adjacent to the furan ring5.48 to 7.74 [109]. The planarity of143 was attributed to
was localized and the other NH proton on the bipyrrolic unitless steric hindrance in the macrocyle because of the pres-
was changing sites between the two nitrogen atoms of thence of only two hydrogen atoms unlike regular corroles which
bipyrrolic unit. The 21-oxacorrold43 showed usual intense showed small deviations from planarity due to three inner hydro-
Soret and foulQ-bands in the visible region. On protonation, gen atoms causing strain in the macrocycle. Furthernid,

nBuLi /THF
et
THF/ H,O

DDQ

127 140

Scheme 22. Synthesis akso-butyl derivative of 21-thiaporphyrin.
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Scheme 23. Synthesis of phenylethyne bridged covalent dimer.

showed columnar structures duetter interactions betweenthe in the +2 oxidation state provided that all the heteroatoms in

macrocycles.

A variety of metal complexes 0143 have been investi-
gated[109]. Sincel43 is a dianionic ligand, it stabilizes metals

25

TFA/ CHoClz
Chloranil , refulx

143

Rh(Co,)Cly /

O

%tal salts

144

N/

M=cu', N, co"

Scheme 24. Synthesis of 21-oxacorrole and its metal derivatives.

the core participate in the coordination. Four metal deriva-
tives (Rh, Cu, Ni and Co) o143 were prepared by reacting
143 with appropriate metal precursof$09]. 143 stabilizes

Ni, Cu, Co in +2 oxidation states with the participation of
all heteroatoms in the coordination. Howevé43 stabilizes

Rh in the +1 oxidation state since it binds to only two het-
eroatoms of the macrocycle. These observations were in contrast
with corroles that act as trianionic ligands favoring higher oxi-
dation states. The metal insertion intd3 was found to be
difficult compared to normal corroles. The crystal structures
of Rh(l) and Ni(ll) complexes ofl43 were analyzed109].

The Rh(I) complex ofl43 was non-planar and the Rh(l) ion
was located above the corrole plarigg; 16. Rh(l) binds to
only one imino and one amino nitrogen of the macrocycle and
other two coordination sites were occupied by carbonyl lig-
ands providing square planar geometry around the Rh(l) ion.
This type of coordination was preferred by Rh(l) possibly to
avoid strain in the macrocycle. The Ni(ll) complex B43 is
almost planar with a distorted square planar geometry around
the Ni(ll) ion (Fig. 17). The Ni(ll) ion lies above the mean
plane of the macrocycle by only 0.088nd acquired distorted
square planar geometry around the metal ion. The comparison
of Ni—N and Ni—O distances df43 with that of corresponding
Ni(ll) derivative of 2 [9] showed that in143 the bond dis-
tances were much shorter reflecting the reduced core size in
Ni(II)143.
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Fig. 15. X-ray structure of43 (a) top view and (b) side view (reproduced with permission from R€0]).

Fig. 16. X-ray structure of Rh(14#3 (reproduced with permission from R¢£09]).
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Fig. 17. X-ray structure of Ni(I1}43 (a) top view and (b) side view (reproduced with permission from R&0]).

The absorption spectra of metal derivatives showed the char-
acteristic Soret type an@-type bands in the 400—700 nm region.
The presence of inner NHS € —1.15) in NMR of Rh(I)143
supported the coordination of Rh(l) ion to only two nitrogen
atoms. The NMR studies also showed the diamagnetic nature
of Ni(II)143 which was in contrast with paramagnetic Ni(ll)
derivative of2 [9]. Electrochemical studies d43 and its metal
complexes indicated tha43 and its metal complexes were
easier to oxidize and harder to reduce compared with the corre- M\
sponding porphyrin derivatives. Surprisingly, the metal deriva- &CHO
tives of 143 did not show their characteristic metal reductions
unlike corresponding metalloporphyrif. (a)
Chandrashekar and co-workers further extended their work
on 21-oxacorroles and synthesized 21-oxacorroles with one
meso-free carbonl44 by three different routefl10,111] The
“3+1” condensation o882 with 2-pyrrole carboxaldehyde in
the presence of trifluoroacetic acid in @El, followed by oxi-
dation with p-chloranil (Scheme 2pgave the 21-oxacorroles
with one meso-free carbon in 9-15% vyield depending on the
concentration of acid catalyst usesicheme 28). Alternately,
144 was also prepared in 13—-15% yield by conden$igvith
pyrrole andpara-formaldehyde or formalin in the presence of
0.5 equivalent of TFA followed by oxidation with-chloranil
(Scheme 2B). The 21-oxacorrold44 was also prepared by
condensing2 with 2-(hydroxyphenylmethyl)pyrrole under the
same acid catalyzed conditionSoheme 28). In all three

al
N~ ~CHoOH
H

(c)

TFA / CHCl»
Chloranil , refulx

Y
Ar

Ar

144

methods, both condensation and oxidative coupling reactions  Scheme 25. Synthesis of momeso-unsubstituted 21-oxacorrole.
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Chart 13.meso-Ferrocenyl dipyrromethane and ferrocenyl -21-oxacorrole con-

jugates.

takes place simultaneously. Chandrashekar and co-workers use

L. Gupta, M. Ravikanth / Coordination Chemistry Reviews 250 (2006) 468-518

BF5.0Ety
Chloranil
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Sca1eme 27. Synthesis of 21,23-dioxacorrole and its inverted isomers.

the same strategy and synthesized the ferrocenyl-oxacorrole

conjugates145 (Chart 13 by condensation of theneso-
ferrocenyl dipyrromethan@46 with various para-substituted

tinct feature$114]. The Soret an@-bands ofl43 were more red
shifted compared witl49. The blue shifted absorption bands

5,10-diphenyl-16-oxatripyrrane®2 under acid catalyzed con- of 149 indicated that it was less flexible and more resonance sta-

ditions[112].

bilized than143. The'H NMR spectroscopic analysis was also

The electronic spectra d#5 showed that the ferrocene sub- in agreement with this assumption. TRepyrrolic protons and
stitution at themeso-position resulted in the shift of both the inner NH protons if'H NMR of 149 were shifted more down-

Soret andQ-bands relative to oxacorrol&43 indicating the

field and upfield, respectively, compared with the corresponding

presence of a strong electronic interaction between the feprotons ofl43 supporting the view that49 was more resonance

rocene moiety and the oxacorratesysteni112]. Electrochem-

ical studies of145 showed three quasi-reversible oxidations

stabilized.
Latos-Graynski and co-workerfl 15]reported the synthesis

(AEp=70-130mV) of which one was based on the ferrocene1,23-dioxacorrold50 in 8% yield by condensing0, 26 and
and the other two were on the corrole ring. The corrole ring oxipyrrole under acid catalyzed conditiorScheme 2¥. The use
dations inl45 were shifted to more positive potentials comparedof 26 was essential for the creation of direct pyrrole-fusas
with 143, which was attributed to the combined effect of elec-bond to form150. The UV-visible spectrum of50 showed a
tronic coupling between the corrotesystem and the ferrocene corrole-like spectrum with split Soret band (397 and 422 nm)
moiety as well as the non-planarity of the corrole ring. The cor-and a series of-bands in the 480-640 nm regi¢hl5]. The
role ring reductions irl45 were shifted towards less negative 'H NMR spectrum of150 confirmed the aromaticity of the
potentials compared with#3 due to the electron deficient nature corrole with a characteristic downfield positions of furan and

of corrole ring in145 [112].

pyrrole resonances and upfield position of inner NH resonance.

Cho and Leg113,114]adopted a “2 + 2" methodology of The temperature dependent NMR studies indicated the exis-
acid catalyzed condensation of two different regio-isomers ofence of two tautomers protonated alternatively on two nitrogen
furylpyrromethane alcohol$47 and148 with dipyrromethane atoms. The crystal structure analygi4 5] of the cation ofl50

25b and synthesized 21-oxacorrd43 and 22-oxacorrol@49,

which was complexed to Zngd~ anion showed that Zngi~

respectively, bearing an oxygen atom at the designated sitgnion was located in the clam-shell like cavity formed by two

(Scheme 2§ The absorption spectra ®#3 and149 have dis-

HsC

cations of150 (Fig. 18. In the structure of catiol50 the
dihedral angle between the two corrole cation planes equals
61.5. The G—Cz and the @-Cg distances were longer and
shorter, respectively, in the corrole macrocycle than in free
furan indicated ther-delocalization the furan ring was altered

in 150. The nickel(ll) complex ofl50 is high spin (paramag-
netic) and five coordinatfl15] unlike the Ni(ll) complex of

143 which was diamagnetifl09]. They have also synthesized
the non-aromatic isomer dfS0 with a protruding furan ring
152 by condensing 3-phenylhydroxymethylfurasl in place

of 26 with 20 and pyrrole under similar reaction conditions
(Scheme 2y [115]. In this reaction, instead of the expected
isomer 153, the isomer with protruding furan ring52 was
formed because the condensation took place only at the steri-
cally hindered3-position and not at the expecteeposition The
UV-visible and'H NMR spectra confirmed the non-aromatic

Scheme 26. Synthesis of 21-oxacorrole and 22-oxacorrole by 2 +2 condensBature of the macrocycle. The crystal structure of protonated

tion.

species 152-H)CI (Fig. 19 showed that the macrocycle was
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Fig. 18. X-ray structure of50, top view (reproduced with permission from Ref.
[115]).

furan and bond lengths were identical to that of free furan. How-
ever, the bond lengths of the second furan moiety were altered
indicating appreciable-delocalization in the second furan ring
[115].

9.2. Heterocarbaporphyrins

Carbaporphinoids, which are porphyrin analogues where one
or more of the pyrrole units have been replaced by carbo-
cyclic rings received much attention in the mid 1990s. Lash
carried out extensive work on carbaporphyrins and explored
their unusual physico-chemical propert[@46—-120] The car-
baporphyrins were mainly synthesized through a [3 + 1] acid
catalyzed MacDonald type condensation reaction of appropriate
precursors. Lash and co-workers have shown that these carba-
porphyrins form very interesting stable organometallic deriva-
tives with a range of metals, such as Pd(ll), Pt(Il) and Ag(lll)
to name a fewW121-129] The chemistry of carbaporphyrins
has been reviewed recently by Lash in “The Porphyrin Hand-
book” [130]. The first examples of carbaporphyrins containing
heteroatoms, such as S and O in addition to pyrrole nitrogen
atoms were synthesizgd31] by following their well estab-

strongly puckered115]. The chloride anion was located over lished 3 + 1 synthetic strategy used for the synthesis of the aza
the centre of the macrocycle and was involved in two intramolecearbaporphyring130]. They attempted to synthesize the thia

ular NH. - -Cl and two intermolecular (C)H-ClI interactions.

azuliporphyrinl 54, selena azuliporphyribhs5 and oxa azulipor-

The protruded furan ring preserved all features of the isolate@ghyrin156 using a novel tripyrran#57 (Scheme 28[131,132]

Fig. 19. X-ray structure ofl52-H)CI. (a) Top view and (b) side view (reproduced with permission from Réab]).
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Scheme 28. Synthesis of hetero azuliporphyrins. Scheme 29. Reactivity of hetero azuliporphyrins in the presence of pyrrolidine

and alkaliné BuOOH.

The tripyrranel57 was condensed with 2,5-diformylthiophene 1o Jy_visible and NMR studies of the carbaporphyri6d

in the presence of TFA followed by oxidation with 0.1 aqueous, 4163 clearly showed that these hetero carbaporphyrins like
FeCk solution of yielded the thia azuliporphyrits4 in 45%

) o i ) aza carbaporphyrins are completely aromatic.
yield (Scheme 28 Similarly, the condensation a7 with 2,5- Chandrashekar and co-workd34] also synthesized the

diformylselenophene under the same reaction conditions 9a¥Ria- 163 and selenaazuliporphyrins ant4 by follow-
selena azuliporphyrid55 in 27% yield. Interestingly, the con- ing the “3+1" strategy used by LasfL30] to synthe-
densation of tripyrran#57 with 2,5-diformylfuran did notgive ;¢ several aza carbaporphyrins. The thia- and selenaazuli-
the expected oxaazuliporphyrl6 but gave a mixture of three porphyrins 163 and 164 were prepared by acid catalyzed
fully aromatic oxacarbaporphyrii$8a—c in a combined yield condensation o83 and 34, respectively, with azulene-1,3-

of 15% (Scheme 2 The compound$58a—c were formed due jicarhoxaldehyde in dichloromethane followed by DDQ oxi-

to ring contraction of the seven-membered ring as observed pr%’ation[134] (Scheme 3D They also observed borderline aro-

viously for related aza analogugis33]. maticity for these hetero azuliporphyrins in free base form and

The free base forms of thid54 and selenaazuliporphyrins  onnanced aromatic behaviour in their protonated form using
155 exhibited borderline aromatic properties that was enhancegbsorption and NMR studies.

on protonation as confirmed by detailed UV-visible and NMR " ¢ » _ray structure solved fas3 indicated that the molecule
studies. The azuliporphyrins were susceptible to nucleophilig, -« completely planar and azuline moiety was in the plane

attack to give carbaporphyrin adducts because of the electrQflfineq by fourmeso-carbon atomg134] (Fig. 20. The aro-

deficient cycloheptatriene rirjg33]. The thia- and selena azuli- - magic nature was evident from the smallgsC; distances than
porphyrinsl 54 and155 also showed similar reactivif{t 32]. On C.—C; distances of pyrroles and thiophene in macrocyté

gddition c_)f .pyrrolidine tol54 and 155 gave their correspond- There was a strong intramolecular - -S hydrogen bonding
ing pyrrolidine adduct359 and160, respectively §cheme 2 {bond distance 2 53(13) bond angle 177.00(18) interaction

However, the hetero azuliporphyrih34 and155 requires more o ; . . . .
present inside the azuliporphyrin cavity. The interesting aspect

rrolidine as compared to the aza analogue to form pyrroli . )
Py P g Py f the structure was the observation of non-classical hydrogen

dine adducts. This was attributed to the larger size of sulfuﬁ dingint . has@ int tions betw
and selenium atoms, which reduces the favorability of pyrro->"'0!Nd IMEractions, such ast: - -witeractions between one

lidine adducts by decreasing the planarity of the macroc:yclicOf the 3-hydrogen atoms of the pyrrole nngé and thecloud of
core. The reactivity o154 and 155 was further explored with themeso-mesitylring [G-H distance 0.950(2), H- - -w distance
alkaline solutions ofert-butyl hydroperoxidg132]. 154, upon 2.79(1),&, C—H- . .wangle 137.10(12). These GH- - - inter-
treatment with-BuOOH in the presence of KOH gave thiacar- actions helped in the formation of a one dimensional zigzag
baporphyrinté1a in 10% yield. However, wheh54 was treated  polymeric supramolecular array where the two adjacent por-
with +-BuOOH in the presence ofBuOK, an inseparable mix- phyrin rings were aligned perpendicular to each ofthad].

ture of161a and161b was formed in 50% yield§cheme 2p Although Lash and co-workers reported rich coordination
Similarly, 155 on treatment witlh-BuOK gavel62ain 10%yield  chemistry for aza azuliporphyrifi$23,126Jand showed that the
and when treated with KOH gave two major produli2a and  azuliporphyrins form very interesting organometallic derivatives
162b, which were separated by flash column chromatographywith various metals, such as Ni(ll), Pd(ll), Pt(ll) and Ag(lll),
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NH protons of165 (—3.5 and—4.7 ppm) andl66 (—4.32 and
—2.90 ppm) supported the aromatic nature of the macrocycles.
The absorption spectra 65 and166 showed strong Soret type
bands in 430-480 region and multiglebands in the 500-750
region because of the porphyrinoid nature of the compounds.
These observations were in line with the earlier observations
made on aza carbaporphyrins The aza oxybenziporphyrin forms
an organometallic complex with Pd([l§]. Chandrashekar and
co-workers also successfully synthesized an organometallic pal-
ladium derivative o165 and the spectroscopic dataindicated the
retention of aromatic character of porphyrin on metal insertion
[135].

Lash and co-workers by following their well established
strategy synthesized a series @fsubstituted andmeso-
unsubstituted S and O containing oxybenziporphyti 168,
oxypyriporphyrins 69, 170 and benzocarbaporphyrib®1, 172
[136,137]by condensing the appropriate modifigdubstituted
tripyrranes 173 and 174 with 5-formylsalicylaldehyde,
3-hydroxy-2,6-pyridinedicarboxaldehyde and indene-1,3-
dicarboxaldehyde in dichloromethane in the presence
of trifluoroacetic acid followed by oxidation with DDQ
(Scheme 3L UV-visible spectra of all hetero carbaporphyri-
noids showed strong Soret bands and thEiINMR exhibited
large diatropic ring currents similar to their corresponding aza
) ) analogues, supported their aromatic nature. This kind of carba-
there have bet_an no reports on metallation studies of hetero aNgarphyrin was known to form novel organometallic complexes.
logues of azuliporphyrins. _ The organometallic Ni(ll), Pd(ll) and Pt(Il) complexes Bf1

Chandrashekar and co-workers also synthesized the hetefps e prepared and the studies indicated that all three complexes
analogues of benziporphyriri$35] by following Lash’s syn-  etained their aromatic characié86,137] The X-ray structure
thetic strategy of carbaporphyrifis30]. The oxa and thiaderiva- gqved for Pd(Il) complex oft71 [137] exhibited a planar
tives of oxybenziporphyrin365 and166 were synthesized by macrocycle with dihedral angles of the component pyrrole,
“3+ 1" acid catalyzed condensation of 5-formyl salicylaldehydef;ran and indene rings a#t2.1° relative to mearfl8]annulene
with corresponding modified tripyrran@2 and33, respectively plane wereFig. 22).

(Scheme 3p In 'H NMR, the upfield shifts of the inner CH and Recently, Miyake and Lash reported the synthesis of a new
class of heteroatom substituted benziporphyfr88] using a

Scheme 30. Synthesis of hetero analogues of oxybenzi and azuliporhyrins.

Fig. 21. X-ray structure oPd(II)171, top view (reproduced with permission
Fig. 20. X-ray structure of63 (reproduced with permission from R¢134]). from Ref.[137]).



502 L. Gupta, M. Ravikanth / Coordination Chemistry Reviews 250 (2006) 468-518

/\
e X Ykt OH
NH HN CHO
= = Me l\
X=0 :173 =2
X=8 :174 H*
H
ppa \° 0
Et Et
Me Me
o)
Z=CH:;X=0 :167
X=0 :171 Z=CH:X=S :168
X=8 :172 Z=N; X=0 :169
Z=N: X=5 :170

Scheme 31. Synthesis of hetero analogues of oxybenzi, oxypyri and benzocarbaporphyrins.

novel tripyrranesl75a,b which was synthesized by acid cat- (BCOD) fused porphyrind85-187 were synthesized by the
alyzed condensation of resorcinol or 2-methyl resorcinol withTFA catalyzed condensation of BCOD-fused 16-thiatripyrrane
two equivalents of an acetoxymethyl pyrrole. Condensation o188 with corresponding BCOD-fused pyrrole, thiophene and
175a with 2,5-diformylthiophene or 2,5-diformylfuran in the furan dialdehyded489, 190 and 191, in CHyCl, followed by
presence of TFA followed by oxidation with dilute aqueous oxidation with DDQ §cheme 3B The BCOD-fused porphyrins
FeCk solution gave the corresponding porphyrinold® and  with N3S185, N>S; 186 and NbSO187 cores were obtained as a
177, respectively $cheme 3P These porphyrinoids were not mixture of diastereomers in 42, 37 and 23% yields, respectively.
characterized due to insolubility. However, when they condensedihe BCOD-fused porphyrink85, 186 and187 were heated at
175b with 2,5-diformylthiophene under similar reaction condi- 230°C under vacuuo for 30 min and afforded the heterotetra-
tions there resulted a mixture 18 and180. The crude mixture benzoporphyrind82, 183 and 184 respectively as dark green
of 178 and 180 was further oxidized with PhI(OCOGJ,; and  solids in nearly quantitative yields.
afforded 180 in 20% yield Scheme 3R Similarly, the con- The absorption spectra of heterotetrabenzoporphyrins unlike
densation ofl75b with 2,5-diformylfuran gave a mixture of their corresponding porphyrin analogues showed split Soret
179 and 181, which upon oxidation under similar conditions bandg139] (Table 5. Furthermore, the longest wavelengih
gave 181 in 6% yield (Scheme 3R The NMR studies indi- band in182-184 was more bathochromically shifted and very
cated that the porphyrinoids80 and 181 were fully aromatic  intense compared to their corresponding core-modified por-
[138]. Metal derivatives of these novel porphyrinoids are not yetphyrins (Table 5. The fluorescence spectra 182-184 were
known. also red-shifted with greater quantum yield compared to their
corresponding core-modified porphyriri@ble 5.

9.3. Heterotetrabenzoporphyrins
9.4. Heterochlorins
The first examples of tetrabenzoporphyrins witfaNNo S,
and NSO coresl82-184 were reported recently by Ono and  The first examples of chlorin and bacteriochlorin with an
co-workerq139]. In the first step, the bicyclo[2.2.2]octadecane NS, core were reported recently by Bruckner and co-workers

OHC,

Et Me Et.  Me
!\ x}j
HO E( COOH OHC °
i § ¢
H*, aq FeCl;
HO N, .COOH HO
Et Me Et Me
R=H :175a R=H; X=8
R =CH, :175b R=H; X=0 177 R=CHjs; X=0 :181
R=CHs X=8 :178
R=CHs X=0 :179

Scheme 32. Synthesis of hetero benziporphyrins.
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Scheme 33. Synthesis of heterotetrabenzoporphyrins.

[140]. The 7a or 7b were treated with 1.2 equivalents of 9.5. Heteroatom substituted confused porphyrins
OsQ, in CHCls/pyridine for 24h followed by quenching
with H2S and column chromatographic purification gave N-confused porphyrins, a group of porphyrin isomers that
chlorin 192 as a major product (20%) and an isomeric mix- have an inverted pyrrole sub-unit were independently isolated
ture of two bacteriochlorind93 as minor products (<5%) and characterized by Furuta et al. in Japa#l] and Latos-
(Scheme 3% 'H NMR spectroscopy confirmed that OO Grazyhski and co-workers in Polarid42] in 1994. Since N-
only reacts with double bonds of the pyrrole(s) to yield confused porphyrins have the presence of inner CH, external and
192 and 193. 192 when treated with an aqueous solution of internal nitrogen atoms, these porphyrins exhibited very interest-
KMnOy in the presence of 18-crown-6, underwent oxidativeing metal coordination properties, such as being organometal-
ring opening reaction and formed the dithiaporpholactondic in nature, exhibiting multivalency and formation of inner
194. and outer coordination complexes and supramolecular struc-
The UV-visible spectra of192 showed a broadened tures[143-153] Thus, the N-confused porphyrins have been
Soret band and the longest wavelength absorption banexplored to synthesize metal complexes in various oxidation
(Amax=687 nm) was only minimally more intense and surpris-states, such as Ni(ll), Pd(ll), Ag(lll), Sb(V), Cu(ll), Fe(ll),
ingly little blue shifted when compared to the porphyfin  Rh(l) and Zn(I)[154]. Furthermore, Furuta et al. recently syn-
(Amax=699 nm). The UV-visible spectra of both the isomers ofthesized unique N-fused porphyrifs55,156]and cis-doubly
193 were identical and showed the typical three band pattern dfl-confused porphyrind 57—159]and studied their metal bond-
the bacteriochlorin chromophore. The absorption band9®f ing propertie$160]. Recently, some confused heteroporphyrins
were significantly red shifted\fnax=734 nm) when compared have appeared. In heteroporphyrins, the confusion can occur
to the porphyriri7 [140]. with the pyrrole ring or with the other heterocycle, such as
thiophene, furan, selenophene and tellurophene of porphyrin
macrocycle. Thus, these porphyrins were sub-classified into
Table 5 N-confused heteroporphyrins and heteroatom confused hetero-

Selected absorption and emission data of core-modified tetrabenzoporphyrifgorphyrins.
and their corresponding core-modified porphyrins

Compound Soret bands, Q-band, Emission 9.5.1. N-confused heteroporphyrins
aps (NM) Aaps(nm) oM o1 Lee and Kim[161-163]synthesized the first N-confused 21-

thiaporphyrin195 and 21-oxaporphyrid96 by 3 +1 condensa-

z 428 680 685 0.016  tion of 2,4-bisg-hydroxy-a-phenylmethyl)pyrrole or ity/-alky!

182 894,423, 442 092 693 0-053  yorivative197 with modified tripyrrane33 and32 respectively

72 435 699 706 0.007 ; o -

1830 399, 429, 449 718 718 0.013 under mild acidic conditionsScheme 3p In 195 and196, the

92 428 707 713 0.005 confused pyrrole was in the positiarns to the thiophene and

184° 394,421, 444 714 714 0.018 furan rings, respectively. Chandrashekar and co-worde54]

a CH,Cls. synthesized, by using different precursors, the N-confused 21-

b DMF. selenaporphyrin98 in addition to thel95 and 196 having a
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Scheme 34. Synthesis of dithia analogues of chlorin, bacteriochlorin and porpholactone.

confused pyrrole opposite to the heteroatoms. The tripyrrane A detailed NMR studies has been carried out on free base
containing the middle N-confused pyrrole rin§9 was con- and protonated forms of N-confused heteroporphyrins at dif-
densed with the corresponding didl, 20 and22 under stan- ferent temperatures to identify the tautomers. Lee eflél2]
dard conditions and affordek®5, 196 and198, respectively, in  proposed the existence of three different tautomeric forms of
19-32% yields$cheme 38). The advantage of ChandrashekarN-confused porphyrin95a and196a depending on the loca-
and co-workers strategy of usid§9 as a synthon resulted inthe tion of the inner NH proton.Ghart 14. In tautomerd andIl,
exclusive formation of the desired N-confused heteroporphyringhe hydrogen was located on either of the inner pyrrole nitro-
in high yields with only a trace amount of normal porphyrin gen atoms whereas in tautoni@l, the proton was located on
making their column separation very easy. the nitrogen of the N-confused ring. The tautonieras the

Latos-Grayhski and co-workers[165] synthesized N- only stable form for 21-oxaporphyrit96a. However, studies
confused 21-selenaporphy@0 in which the confused pyrrole on 21-thiaporphyrinl95a suggested that tautomBi was the
ring was adjacentto the selenophene ring urli&in whichthe  major and tautomdrwas the minor isomer at room temperature.
confused pyrrole was opposite to the selenophene ring. The corfurthermore, studies at 223 K suggested 198h existed in all
pound200 was obtained as a side productin 1% yield along withthree tautomeric formg, II andIII in the ratio 1:0.5:1. Inter-
the expected 21-selenaporphydim 19% yield in a typical acid  estingly, theN-alkyl substituted N-confused porphyrins existed
catalyzed condensation 22 with 24 (Scheme 36). Similarly  only as tautomeHI because of the bulkiness of the alkyl group
they[166] also obtained the N-confused 21,23-dithiaporphyrin[163]. Density functional theory also supported the existence
201 as one of the products in 4.7% yield by acid catalyzed conef different tautomeric forms for N-confused 21-thiaporpyrins
densation o21 with pyrrole (Scheme 36). [167].

BF3.0Et, , CH,Cl,

DDQ

197a-d X

R=H :197a

R=Me :197b X=5:1 - =0- -
RoEt :197c S:195a-d X =0:196a-d
R=iPr :197d R=H :195a R=H :196a
R=Me :195b R=Me :196b
R=Et :195¢c R=Et :196¢c
R=iPr :195d R=iPr :196d

Scheme 35. Synthesis of N-confused 21-thiaporphyrins and 21-oxaporphyrins.
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Scheme 36. Different synthetic approaches for N-confused heteroporphyrins.

Detailed NMR studies were carried out by Chandrashekasively formed but in chloroform-d, the tautom&andVI were
and co-workers for N-confused porphyrit8Sa, 196a and198  formed in equilibrium.
[164]. They also observed a single dominant tautomer &&an The N-confused heteroporphyrins exhibited split Soret bands
196a. Furthermore, their studies also confirmed the existence dh the region 425-450 nm ar@2tbands in the region 500—750 nm
three different tautomeric forms in equilibrium fé95a at low  [162-166] The presence of split Soret bands indicated the
temperature. However, they claimed thatf88a, the tautomer less planar character of N-confused heteroporphyrins relative to
I was the major component rather than tautoHiEatroomtem-  regular heteroporphyrins. The crystal structures of N-confused
perature based on NMR and X-ray structural studtiégt]. In heteroporphyrind95a [164] and200 [165] have been solved.
IH NMR, the observation of the inner NH signal in the shieldedThe structure ofl95a shown in theFig. 22 clearly indicated
region and the outer NH signal in the deshielded region on carghe non-planarity of the macrocycle in a ruffled conformation
ful titration of 195a with TFA supported the tautomer forlnvas ~ where themeso-carbons were formed alternately above and
the dominant at room temperature. The X-ray structure showlkelow the mean plane defined by foueso-carbon atoms. The
formation of a cyclophane dimer in the unit cell because of thenon-planarity in195a was also clearly reflected in the dihe-
presence of strong hydrogen bonding interaction between tharal angles of individual heterocyclic rings w.r.t. the mean plane
inner NH of one molecule and the outer nitrogen of the othedefined by founneso-carbon atoms. The dihedral angles were
molecule; this may support the view that the predominant forn2.82(6y for the thiophene ring, 21.11(9¥or the N-confused
of 195a at room temperature is tautomier pyrrole ring and 15.77(9)and 31.23(9) for the two pyrrole

Latos-Grayhski and co-workerg165] also proposed the rings, respectively, indicating that the N-confused pyrrole ring
existence of the three tautomdM, V and VI for N-confused  and one of the adjacent pyrrole ring showed the maximum devi-
21-selenaporphyri200 in which the N-confused pyrrole was ation[164]. The presence of the large sulfur atom increased the
adjacent to the selenophene rir@h@rt 15. NMR studies on  repulsion between the inner NH and the sulfur atom resulting
200 indicated that in pyridine«] only tautomeI was exclu- in the deviation of the pyrrole away from the mean plane. The

Ar Ar Ar H

Ar Ar Ar Ar

Ar Ar

Ar X=S,0 Ar Ar
| I I

Chart 14. Proposed tautomeric forms of 21-heteroatom substituted N-confused porphyrins.
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Ar
SN

——= Ar Ar =—=

Ar
\'}

Chart 15. Different tautomeric forms 200.

alteration ofrr-delocalization inl95a was evident in the signif-  structure where the two N-confused rings were almost one
icant changes in &-X, C,—Cg and G—Cg distances relative to  above the othell64]. In addition, there were two intramolecu-
free thiophene and pyrrole units. The packing diagrat®h  lar N-H- - -S hydrogen bonds and one-B- - -S hydrogen bond
showed that the unit cell contained two molecules which werén each molecule between N1-H, N3-H, pyrrole C13 and thio-
linked to each other through a non-covalent weakiN- -Nand  phene sulfur with an average distance of 2.74 and A .45
C—H- - -N intermolecular hydrogen bonds involving the pyrrole N-H- - .S and G-H- - -S hydrogen bonds, respectively. The X-
NH and N atom of the N-confused ring and C atom of pyr-ray structure o200 (Fig. 23 exhibited saddle distortiofi65].

role ring. These interactions lead to a cyclophane-like dimeridhe Se—-¢, C,—Cg and G—Cg distances o200 were similar

Fig. 22. X-ray structure of95a. (a) Top view and (b) side view (reproduced with permission from Ré#]).
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Fig. 23. X-ray structure a200, top view (reproduced with permission from REf65]).

to those of4 indicating the perseverance of aromatic characspectrum o207 showed a strong Soret band and a set of four
ter of the macrocycle, on inversion of one of the pyrrole ringQ-bands like any other aromatic carbaporphyringid&]. The

in 200. aromatic nature and the ring current effects of the compound
207 were also evident in the upfield positions of the inner CH
9.5.2. Heteroatom confused heteroporphyrins (6=-5.11ppm) and inner NH protong £ —2.4, —2.79 ppm).

Latos-Grayhski and co-workers [168,169] prepared The macrocycle07 can act as a dianionic or trianionic lig-
the first S-confused porphyrir202 by condensing 2,4- and and complexes metal ions to match the oxidation state of
bis(phenylhydroxymethyl) thiophen203 with benzaldehyde
and pyrrole via one pot two step reaction or by the [3+1]
condensation of the203 and 5,10-diphenyltripyrrane24
(Scheme 3Y The oxidation 0f202 with DDQ or with an
excess op-chloranil gave a new compour2#4. The'H NMR

N

study on202 showed that the inner NH appeared as a singlet + Q “NH H HN

at 5.81 ppm and inner CH resonance of the inverted thiophene H ~ o

ring appeared at 4.76 ppm suggesting that this porphyrinoid

exhibiting borderline aromaticity. However, ah NMR study ,B}fé‘ﬁ;i'"

of 204 exhibited typical aromatic features with inner CH and

two inner NH resonances appearing -a6.31, —3.37 and

—2.93 ppm, respectivelpl 68]. DDQor
Pawlicki and Latos-Grayhski [170] attempted to synthe- prenlorant

size the O-confused oxaporphyr205 by condensing 2,4-
bis(phenylhydroxy methyl)fura06 with p-tolylaldehyde and
pyrrole in a 1:2:3 molar ratio under mild acid conditions
(Scheme 38 However, this condensation did not yield the
expected O-confused oxaporphy205 but gave the pyrrole
addition product207 in 10% vyield. The electronic absorption Scheme 37. Synthetic approaches for S-confused porphyrin.
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OH OH
206

ﬂ + ACHO
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H
BF3 OEt, BF; OEt,
DDQ DDQ
Ar HN
O A
(WA
Ar Ar
AgOAC
C,HsOH Ar Ni''Cl, / Pd"CI, 205
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n+
HN —‘
\
TFA Ar
—_—

R = CoHsO"

207c

Ni' n=0 :207a
Pd' n= 0 : 207b
Ag''n=1 :207d

Scheme 38. Synthesis of pyrrole appended O-confused porphyrins.

metal ion. Thus, the Ni(ll), Pd(Il) and Ag(lll) complexes2i7
were prepared under standard metallation condifibi8]. The

insertion of Ni(ll) and Pd(Il) metal ions resulted in related dehy-

drogenated organometallic complex2®5a and207b, respec-

group. The compoun2b7d was converted back 297c on treat-
ment with sodium ethoxide in ethandl70].

A set of canonical structure¥Il, VIII and IX was pro-
posed for207a, 207b, 207d (Chart 1§ to account for their

tively, in which the metal ions were coordinated to three pyrrolichon-aromatic and aromatic behavid70]. The canonical struc-
nitrogen atoms and the trigonally hybridized C21 atom of theture VII was non-aromatic with less interaction between the

inverted furan170]. The electronic spectra @b7a and207b
showed several Soret like bands and less inténrbands with
low extinction coefficients compared wizd7 indicating that the
aromatic character of ligar2®7 was lowered on metal complex-
ation. Interestingly, the insertion of Ag(lll) in207 on treatment

macrocycle and appended pyrrole moiety. However, the struc-
tures VIII and IX were aromatic and the direct conjugation
between the appended pyrrole fragment and the carbaporphyri-
noid m-system was expected f®III andIX structures. The
electronic structures @b7a, 207b, 207d (Chart 1§ were acom-

with silver acetate followed by addition of ethanol initially gave bination of aromatic and non-aromatic canonical structures and
a stable Ag(lll) complexX07¢ which was substituted at the C3 the most aromatic character observed2®7d was due to the
position by the ethoxy and pyrrole moieties. However, whendominant contribution of canonical structuréHI andIX and

this macrocycle07¢ was treated with TFA it resulted in a new relatively less aromatic nature noted 2%7a and207b was due

aromatic Ag(lll) complex207d due to elimination of the ethoxy

Ar o HN \ Ar
AN
\ /
Ar Ar <> Ar
Ar Ar
vi Vil

to the major contribution from canonical structtWH. Support

@ @
HN= Ar HN=
(0]
\ PN\ ZN\F
Ar <<«=—>» Ar Ar
Ar
IX

Chart 16. Proposed canonical structures for metal complexzi7of
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Table 6 conjugation between the macrocycle and the appended pyrrole
IH NMR chemical shifts of appended pyrrole moiety 27 and its metal moiety[l?O].
complexes The structures o207a and 207¢ were determined by X-
Compound Appended pyrrole protons (ppm) ray crystallography{170]. In 207a, the macrocycle was only

3 2 5 NH slightly distorted from planarityKig. 24) and the dihedral angle

between the macrocycle and the appended pyrrole planes reflects

Zg;rme :'5242 56"8222 2'365 7.6 the biphenyl-like arrangement with the NH group pointing out
207a 6.34 6.17 6.76 g10 towards the adjacent phenyl ring on the C5 position. The\Ni
207b 6.36 6.20 6.79 8.16 distances ir207a were comparable to those of other diamag-
207d 6.60 6.40 7.27 9.81 netic Ni(ll) porphyrins and NiN bond length was similar to

other Ni(ll) carbaporphyrinoids where the trigonal carbon atom
coordinated to the metal ions. The&Cg and G—Cg bond

for the contribution of different canonical structures for metallengths were changed 207a compared to free furan indicating
complexes o207 was clearly evident fromH as well ast3C  that w-delocalization through the furan ring was altered. The
NMR chemical shift values of the appended pyrrole moiety. Thébond length changes in the furan ring287a were in between

IH NMR chemical shifts of the appended pyrrole moiet@?  the range of furan ring which was built into non-aromatic and
and its metal complexes shown Table 6indicated that there aromatic macrocycles and supporting the view that the canoni-
was a gradual increase in the chemical shift values of appendel structuréVIl is the dominant form for this macrocycle. The
pyrrole moiety in the serie207, 207a, 207b and207d. The  crystal structure solved f@07¢ [170] showed that it exhibited
largest shift value observed f@f7d was due to the effective only slight distortion from planarityKig. 25. The Ag—N and

Fig. 24. X-ray structure d207a. (a) Top view and (b) side view (reproduced with permission from R&0]).
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Fig. 25. X-ray structure d207c. (a) Top view and (b) side view (reproduced with permission from R&0]).

Ag—C distances i207c were comparable to those in other sil- chalcogen analogues. Latos-@yaski et al[171]first noted the

ver(lll) carbaporphyrinoid§l24]. unusual reactivity of 21-telluoroporphyriby treating it with
m-chloroperoxybenzoic acid. Whehwas treated with excess
10. Unusual reactivity of telluraporphyrins m-chloroperoxybenzoic aci@,was formed in good yield. How-

ever, whers was treated with a limited quantity of oxidant, first
The telluraporphyrins although not very well studied, pos-the green intermediate speci288 was formed, which on fur-
sess unusual properties and reactivity compared to their lighteher treatment of additional oxidant ga&€The two compounds

Ar A‘r

Ar Ar
Ar Ar
5 2

Scheme 39. Unusual reactions of 21-telluraporphyrin.
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(b)

Fig. 26. X-ray structure a208. (a) Top view and (b) side view (reproduced with permission from R&fl]).

208 and2 were also formed whefi was exposed to a[i71]. noticed that inS¢, the Te atom interacted with the H-atom of
The exposure of to air for few minutes gav@08, which on N3 through hydrogen bonding with a TelHN3 distance of
prolonged exposure to air converted2t¢Scheme 3P 208 can 1.827A. The Te atom also interacted strongly with N1 on the
be reduced back t by treating it with either zinc-amalgam or secondcis pyrrole ring with a Tel--N1 distance of 2.558.
sodium dithionatg171]. The 208 was isolated and character- The Tel--N2 distance (3.17@) was nearly identical to that of
ized by X-ray diffraction analysis. The structure2f8 [171] 5b [172].
indicated that it was forming a zwitterions by transferring the The reactivity ofSc was further explored by first oxidizing
hydrogen atom of theans pyrrole nitrogen to the oxygen atom the5c with air or chemically t®08 which was then treated with
with a hydroxyl group attached to the tellurium atoRig. 26). HCI for several seconds and afford2@9 (Scheme 4P[172].
The hydroxyl group attached to the tellurium atom interactedl he X-ray structure a209 (Fig. 28 indicated that the porphyrin
with trans pyrrole ring via a weak hydrogen bond resulting in macrocycle was non-planar unlike the planar structure observed
bending therrans pyrrole ring upward towards the hydroxyl for 5¢ [172]. In 209, the Te atom was in the +4 oxidation state
group. with two Cl atoms attached in the axial positions to Te in the cen-
Recently, Detty and co-workerEl72] solved the crys- ter of a trigonal bipyramidKig. 28. The C-Te—Cl bond angle
tal structure of5c and isolated the tautomeric form of 21- of 168.65 reflected the stereochemically active lone pair of elec-
telluraporphyrin in which the H-atom resides on a pyrrole Ntrons on Tel in the equatorial plane of the trigonal bipyramid.
that wascis to the tellurophene ring. The structure &f was  The Te-Cl bonds are not equal in length, with the &2 bond
only slightly distorted from planarity as noted previously for (2.58 A) more elongated than¥€l1 bond (2.493\). The tellu-
the other 21-telluraporphyriéb in which pyrrole ring bearing orophene ring was distorted from planarity with Tel displaced
H-atom wagrans to the tellurophene ringHig. 27). They also  from the plane of the four carbon atoms by 0.28tbwards the
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was attributed to the diamagnetic ring current from an annulene
type contribution to the overall electronic structure209. The
electrochemical studies indicated tBatand11 were more eas-
ily oxidizable compared to the other hetero analogues, which
is inconsistent with the facile oxidation of 21-telluraporphyrins
when exposed to air. Detty and co-workers also testefichad
11 as catalyst$174] for the activation of HO, in the bromi-
nation of 4-pentenoic acid and 1,3,5-trimethoxy benzene with
H>0, and NaBr and noted high turn over numbers for these
bromination reactions.
The high reactivity of 21-telluraporphyrins was further uti-

lized recently by Latos-Geynhski and co-workers to synthesize
a novel molecule 21-vacataporphy@ih0 [175]. The210 was a
hybrid of annulene and porphyrin and has a vacant space instead
of a heteroatom bridg&10 was synthesized in 55% yield by
reactingSb with HCI at refluxing temperaturé&sScheme 4)L The
21-vacataporphyri2l0 was nearly planar as confirmed by X-ray
analysis Fig. 29 and possessed similar spectroscopic properties
to that of porphyrirl. The210 has three nitrogen atoms and CH
groups favorably prearranged for coordination to a metal ion

(b) although the metal coordination properties have not yet been
Fig. 27. X-ray structure dfc. (a) Top view and (b) side view (reproduced with reported. L .
permission from Refl172)). Latos-Grayhski and co-worker$176] synthesized 21,23-
ditelluraporphyrin with a flipped tellurophene ri2d1 in 11%
yield by following standard synthetic methodology used for

axial CI2 Fig. 28. The N2 atom has a flattened trigonal bipyra- 21,23-diheteroporphyrinsScheme 4P The 211 was the first
midal configuration. The CI1 atom formed a strong hydroger£Xample of the inverted structure of the &8electron porphyrin-
bond to HN2 with a Cl- -HN2 distance of 2.348. Both Teland like frame with four five-membered rings linked by four methane
N2 were tipped out of plane in opposite directions and-N43 carbon atoms. The X-ray structure solved 21 (Fig. 30
distance (4.628) was also elongated to accommodate the largephowed a remarkable distortion of the porphyrin, which was
Te atom[172]. attributed to the size of the tellurium atorfis76]. One of the
Detty and co-workers recently investigated the spectroscopidellurophene moieties (Te23) was coplanar with the two adja-
electrochemical and catalytic properties of 21-telluraporphyrirfe€nt pyrrole rings while the second tellurophene ring (Te21) was
5a and 21-tellurio-23-thiaporphyri1 [172,173] The 125Te  directed away from the center of the macrocyéigg(30. The
NMR spectrum ofa showed a signal &t823.6, which was con- degree of distortion was reflected by a dihedral angle between
siderably downfield shifted id1 (5 1039). This was attributed the plane of thezeso-carbon atoms and the tellurophene plane of

to the more electronegative nature of sulfulip which pulled ~ 123.0(2). The electronic spectrum @11 did not show a strong
the electron density from tellurium and deshielded the tel-Soret band but showed three major bands of comparable inten-

lurium atom. Similarly, the signal was downfield shifted in Sities at 348, 464 and 668 nm. However, the protonated form
21-telluroporphyrin telluroxid@08 to 5 1046.3 which was also 211 showed the presence of Soret like band at 490 nm and a less
due to the more electron deficient Te(IV) center bearing an eleddtense band at 767 nm, which was attributed to the more aro-
tron withdrawing O-atom. Interestingly, tH€5Te NMR signal ~ matic nature of the protonated form compared with the neutral
in 21,21-dichloro-21-telluraporphyri209 was observed a8 SP€CIES.

793.9. The upfield shift of?>Te NMR chemical shift in209 In *H NMR, the tellurophene protons &8.53 and 6.08 ppm,
respectively, were due to the regular and flipped tellurophene

rings[176]. However, protonation with TFA resulted in a regu-
lar structure in which Te21 and Te23 tellurophene atoms were
simultaneously directed towards the center of the macrocy-
cle (X-H3", Chart 17. This was evident ifH NMR, which
showed only one signal &t 8.03 corresponding to the tel-
lurophene ring protons. Also the NH resonances appeared
in high field region 0.7 ppm) due to the changed ring
current effect supported the regular struct{t@6]. Further-
more, based on the NMR studies at different temperatures,
the molecule211 appears to interchange between two ener-
getically and structurally identical flipped fornXI and XII
Scheme 40. Synthesis of dichloro derivative of 21-telluraporpta@th (Chart 179.

Ar

[O], HCL
Ar Ar

Ar
208 209
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(b)

Fig. 28. X-ray structure d209. (a) Top view and (b) side view (reproduced with permission from Ré&fl]).

11. Water-soluble heteroporphyrins phyrins are potential photo sensitizers for photodynamic ther-
apy (PDT) of cancer in which light and endogenous oxy-
Water-soluble porphyrins are important materials with sig-gen, facilitated by a photo sensitizer, on irradiation produces
nificant applications in many applied fields including biol- a cascade of biochemical events that inactivate cancer cells
ogy and medicing177]. Specifically, the water-soluble por- [177]. Water-soluble porphyrins with an sNcore, such as
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) have
been studied extensively as sensitizers for PDT and have
shown promising results. However, the Mater-soluble por-
phyrins besides exhibiting neurotoxicity, also absorbs weakly
A HCI near the 630nm region where light has greater penetration
r Ar —— Ar Ar . . . .
188 °C into the tissue. The presently available porphyrin PDT drug,
Photofrin, also absorbs weakly in the same region and hence
is not an ideal drudl77]. Thus, the water-soluble heteroatom
substituted porphyrins, which absorbs in longer wavelength
region (650—-700nm) can be explored as photo sensitizers

Scheme 41. Synthesis of 21-vacataporphgiio. for PDT.

Ar Ar

Ar Ar
5b 210
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Ar _| o®
Ar Ar
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X-H,2®
Chart 17. Canonical forms @fi1.
Chandrashekar and co-workeis78,179] synthesized the
first anionic water-soluble tetrasulfonated 21-thiaporphti )
and 21,23-dithiaporpr_lyri|213 by_ sulfongtion of pqrphyrins ArY(/:\\ Ar b
with chlorosulfonic acid under mild reaction conditions. Com- &Fi g OH  BFsOEt,
parison of the spectroscopic and electrochemical properties of p-Chloranil

212 and 213 with regular anionic water-soluble porphyrins

showed the expected bathochromic shifts of the absorption

bands, and red shifts of the fluorescence bands with reduced Scheme 42. Synthesis of confused telluroporphgtih

quantum yields. Oxidation and reduction were harder and eas-

ier, respectively. The Cu(ll) and Ni(ll) derivatives 212 were  of the metal center. The aggregation propertie3l@fand213

prepared and the electrochemical studies indicated the reductiavere similar to regular anionic water-soluble porphyfihad].
Latos-Grayhski and co-worker$180,181]have used similar
reaction conditions and prepared the disulfonated water-soluble

Fig. 29. X-ray structure c10, top view (reproduced with permission from Ref. Fig. 30. X-ray structure d11. (a) Top view and (b) side view (reproduced with
[175]). permission from Refl176]).
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Ry=Rp=Rg=R4=SOsNa; X=S,Y =NH 1212
Ri=Ray=R3=R4=SO03Na ; X=Y=8 1213 R1=0CH;COsNa , Rp=R3=R4=H; X=Y =8 1219
Ri=R2=R3=R4=S03Na; X=Y =Se 1214 Ri=Rp=0CH,COsNa, R3=Rg=H; X=Y=S  :220
Ri=Rp=F,Rg=Ry=SOgNa ; X=S,Y=NH =215 g _p _R;=0CH,CONa, Rs=H; X=Y=S :221
Ri=Ra=F,R3=R4=803Na ; X=Y=3 1216 Ry=Ro=Rg=Rs=0CH,CONa ; X=Y=S5 1222
Ri=Rz=F,R3=R;=SOsNa ; X=Y=Se 217 R _Ry=H, Rg=R,=OCH,CO,Na; X=Y=Se :223

Ri=Rp=F,R3=R;=SO03sNa ; X=S, Y=Se :218

Chart 18. Anionic water-soluble heteroporphyrins.

Detty and co-workers further synthesized a series of water-
soluble heteroporphyrins bearing 1-4 carboxylic acid groups
219223 by saponification of the corresponding estfr84].
tetrasulfonated water-soluble 21-thiaporphyi2, 21,23- The sulfonated and carboxylated heteroporphyrins were evalu-
dithiaporphyrin213 and 21,23-diselenaporphyr2i4 as tetra- ated in vitro as photo sensitizers for photodynamic therapy and
sodium salts by sulfonation of the corresponding porphyrin bysome showed promising results.

treatment with sulfuric acid followed by treatment with NaOH.  We synthesized[57,60] a series of the first cationic
They have also synthesized a series of disulfonated derivativegater-soluble 21-thiaporphyrin24a—c and226a—c) and 21-

of heteroporphyrin215-218 under similar reaction conditions. oxaporphyrins Z25a—c and227a-b) containing two and three

Q @ Ar Ar Ar
Ar

Ar

21-selenaporphyrin in which the sulfonated groups were at
position (the structure is not shown@hart 1§.
Detty and co-workerg182,183] recently synthesized the

—® A =& :

Ar=—( N-CHg: X=S,Y=NH  :224a r=—{ N-CHz: X=S,Y=NH :226a
B Ar= — Sy _ )
A“ﬂ@  X=S.Y=NH  :224b {,\}? i X=S,Y=NH :226b

| CH
CH3 _ 3
o Ar = \ . _ _ .
Ar:g@ . X=8.Y=NH - 9246 ‘@@ i X=8,Y=NH :226c
k CH
CH3 3
_® o~ _
A= N-CHy: x=0,Y=NH  :228a Ar= X N-CHg:X=0,Y=NH :227a
_ T Ar= \7/ C oy _ .
Ar‘ﬂ@ i X=0,Y=NH  :225b {l\}? P X=0,Y=NH  :227b
\
7CH3 CH3
Ar:%@ ; X=0,Y=NH - 225¢
\CH3

Chart 19. Cationic water-soluble heteroporphyrins.
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