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INTRODUCTION

Porphyrins constitute a very important class of
organic compounds widely occurring in nature as a
building block in living systems [1]. Bioporphyrins,
like a magnesium-containing chlorophyll, are the pig-
ments in plants, while hemoglobin in blood comprises
gems containing iron. Porphyrin—related tetrapyrrolic
macrocycles observed in nature as well as artificial
porphyrinoids including phthalocyanine are given on
Fig. 1. An important issue of the porphyrin chemistry
is the formation of supramolecular assemblies potent
of various useful applications [2].
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It is well known that at the end of the XXth
century principally new approaches to the construction
of carbon-carbon and carbon-heteroatom bonds were
widely developed. The reactions, named after their dis-
coverers and pioneers like Heck, Suzuki, Miyaura, So-
nogashira, began to be actively applied in various
fields of organic chemistry. The porphyrin chemistry
did not stay apart from this process and began to em-
ploy the catalytic reactions though it happened later
than with more simple aromatic substrates. Examples
of such reactions for the construction of the p-meso
porphyrin dimer (via Suzuki-Miyaura reaction) [3],
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mono- and divinyl substituted porphyrins (via Heck re-
action) [4], B-alkynyl substituted porphyrin (via So-
nogashira reaction) [5] are shown on Scheme 1. The
same reactions were applied for the synthesis of por-
phyrin dyads and triads with phenylene and acetylene
bridges (Scheme 2) [6]. Itis to be stressed that carrying
out such reactions with porphyrin compounds is usu-
ally more difficult than with simpler aromatics and to
achieve good results one needs more catalyst and lig-
and loadings. The development of the catalytic trans-
formations of porphyrins before 2010 was summarized
in a review [7].
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Pd-catalyzed amination of bromosubstituted
porphyrins

Facile and efficient synthesis of meso-aryla-
mino- and alkylamino-substituted porphyrins via Pd-
catalyzed amination was proposed by Zhang in 2003
[8], while a convenient method for the preparation of a
variety of amino substituted zinc porphyrins by Pd-cat-
alyzed intermolecular carbon-nitrogen coupling reac-
tions between haloporphyrins and amino substituted
porphyrins was reported by van Lier even earlier [9].
The successes in the application of the Buchwald-Hart-
wig amination to the synthesis of porphyrin derivatives
were outlined in [10].

Porphyrinoids occuring in nature
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Fig. 1. Naturally occurring and artificial porphyrinoids
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The investigations conducted in the Labora-
tory of Organoelement Compounds of the Depart-
ment of Chemistry of the Lomonosov MSU were at
first focused at the application of the Pd(0)-catalyzed
amination of meso-(bromophenyl)substituted por-
phyrins due to our vast experience in the application
of this method to the chemistry of macrocyclic com-
pounds. 5-(4-Bromophenyl)- and 5,15-di(4-bromo-

26

phenyl)porphyrins were involved in the catalytic ami-
nation and compounds containing chiral hydroxypi-
peridine fragments were thus obtained (Scheme 3)
[11, 12]. This was one of the first rare examples of the
Pd-catalyzed amination reactions in porphyrin series
using Buchwald (2-(dicyclohexylphosphino)-2’-(di-
methylamino)biphenyl, DavePhos) and Fu (tris(tert-
butyl)phosphine) ligands.
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Previously unknown 5,10,15,20-tetrakis(4-bro-
mophenyl) substituted tetrabenzo- and tetranaph-
thoporphyrins with extended w-system were success-
fully obtained in our laboratory and their Pd-catalyzed
polyamination was carried out using BINAP or

RNHR'
6 equiv.

Pd(dba),/L
tBuONa, dioxane,
reflux

Br

Tetrabenzoporphyrin

DavePhos ligands (Scheme 4) [13]. The same ap-
proach was applied for the synthesis of polymacrocy-
clic compounds featuring one central porphyrin and
several surrounding azacrown moieties.

RNHR'":

yields up to 88%

Tetranaphthoporphyrin OO O 0 o)
PPh, PCy, [ j
L = PPh, MeyN (6} H (0]
N
Scheme 4

Cxema 4
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Scheme 5
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The diamination reactions of Zn(ll) 5,15-
bis(4-bromophenyl)porphyrinate with various nitro-
gen-containing compounds (Scheme 5) was carried out
in order to obtain polydentate ligands which possess

I.P. Beletskaya, A.D. Averin

three coordination sites: one electrophilic site where
Zn can coordinate nucleophiles, and two nucleophilic
sites to form complexes with metal cations [14, 15].
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The diamination of this porphyrinate with di-
azacrown ether or DMEDA (N,N'-dimethyl-1,2-ethane-
diamine) proceeded with good yields of the desired
products (50-63%) though it was complicated with a
usual hydrodebromination side process which led to
corresponding products of monoamination in 32-36%
yields. In the case of the amination with piperazine
monoamination with the reduction of the second C-Br
bond became the predominant process, and with
N,N’,N"-triBOCcyclen only monoaminated product
was formed in 50% vyield. Interesting conjugates of
metalloporphyrins with the lanthanide complexes of
triamidocyclen were synthesized according to a three-
step procedure starting from triBoccyclen derivative of
Zn(11) porphyrinate (Scheme 6).

Catalytic diamination of 5,15-bis(3- or 4-bro-
mophenyl)porphyrins taken as free bases with excess

CsHs
O N—X—NHR +
CsHqy

1,3-propanediamine and trioxadiamine gave corre-
sponding bis(dimaino) derivatives of porphyrins
(Scheme 7). More sophisticated conjugates possessing
several coordination sites were obtained via the reac-
tions of diamino derivatives of N-benzylazacrown
ethers [16].

The synthesis of the porphyrin dimers linked
by various diamines like 1,2-ethanediamine, DMEDA,
piperazine, diazacrown ether can be carried out either
in a stepwise mode, via intermediate diamino deriva-
tives of corresponding metal porphyrinates, or directly
from the diamines and prophyrinates taken in 1:2 ratio
[17]. A similar approach using bis(diamino) deriva-
tives of Zn(Il) porphyrinates and 5-(4-bromophenyl)-
porphyrinate taken in 1:2 ratio allows to create more so-
phisticated porphyrin trimers in which three porphyrin
units are linked with two diamine moieties (Scheme 8).
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We demonstrated the possibility to create an-
other porphyrin trimer in which macrocycles are linked
via simple NH units (Scheme 9), for this purpose 2
equiv. of Zn(Il) 5-(4-bromophenyl)porphyrinate were
reacted with 1 equiv. of Zn(ll) 5,15-(4-aminophe-
nyl)porphyrinate [17].
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I.P. Beletskaya, A.D. Averin

Using previously developed naphthalene- and
biphenyl-based diazacrown ethers, we successfully ap-
plied Pd(0)-catalyzed amination to the synthesis of in-
teresting trimacrocyclic compounds comprising either
two porphyrin and one diazacrown or two diazacrown
and one porphyrin moieties (Scheme 10) [18, 19].
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Important conjugates of macrobicyclic com-
pounds based on diazacrown ethers with porphyrins
were synthesized via Pd-catalyzed amination using
2 equiv. of Zn(ll) 5-(4-bromophenyl)porphyrinate
(Scheme 11) [20, 21]. The aim of the synthesis of such
molecules was to obtain fluorescent sensors for metal
cations employing receptor abilities of macrobicyclic
cryptands and fluorescent properties of the attached
porphyrin units.

Another type of the conjugates with porphy-
rins as fluorophore groups are those based on dia-
minocalix[4]arenes taken in cone and 1,3-alternate
forms (Scheme 12). The dependence of the yields of
the target trimacrocyclic derivatives on the structure

of the starting diaminocalix[4]arene was clearly de-
monstrated.
Coordination studies of porphyrin-derived poly-
macrocycles

Many polymacrocyclic compounds containing
porphyrin moieties were studied in the complexation
with metal cations. For example, spectrophotometric
titration of the bis(azacrown) derivative of Zn(Il) por-
phyrinate at A = 419 nm with NaBr in CHCIls/MeOH
showed the formation of the complex with two sodium
cations (Fig. 2). On the other hand the titration of the
same trimacrocyclic compounds with Kl resulted in the
formation of the complex with 2:2 stoichiometry due
to a larger ionic radius of K(I) cation (Fig. 3) [15].
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Fig. 2. Coordination of bis(azacrown) derivative of Zn(Il) porphyrinate with Na(l) cations
Puc. 2. Koopaunanus 6uc (a3akpays) npoussoaaoro nopdupunara Zn (1) ¢ karnonamu Na (1)
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Interesting coordination between a porphyrin
dyad in which two Zn(Il) porphyrinates are linked via
ethylenediamine bridge and a molecule of DABCO was
studied. Spectrophotometric titration at A = 406 nm re-
vealed the formation of the 1:1 complex with co-facial

arrangement of the porphyrin macrocycles at the first
stage after the addition of 0.5 equiv. of the organic
base. More DABCO led to the formation of the com-
plex with two DABCO molecules (Fig. 4).
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Fig. 4. Coordination of Zn(ll) bisporphyrinate with DABCO
Puc. 4. Koopnunarus 6ucriopdupunara Zn (1) c DABCO
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Similar coordination mode was established in

HsC CH3

CsHiy the case of titration of the Zn(11)-Sn(Il) bispor-
CeHi, chy phyrinate with CuBr (Fig. 5). The porphyrin
HsC CH, dyad acts as a tweezer forming a 1:1 complex
with Cu(l) [22]. The driving force of this process

1 equiv. CuBr MeOH/MeCN/CH,Cl is the formation of the chelate complex involving

(1:1:3) ethylenediamine and copper as well as the axial
coordination of Zn cation with the hydroxyl
group of the Sn(ll) porphyrinate unit of the dyad.

ety I After the addition of either a more strong ligand

w <N (phenanthroline) or acid (HCI), which protonates

Cafhn H.C CHs @ two nitrogen atoms in the ethylenediamine frag-
oy N ment, a linear structure of the porphyrin dyad is
N recovered.

Several porphyrin-azacrown conjugates
were tested as fluorescent chemosensors
for metal cations [18]. The investiga-
tions revealed that bisporphyrinate de-
rivative of the biphenyl-based diaza-
crown ether could be regarded as a flu-
orescent molecular probe for Cu(ll),
AI(II) and Cr(l11) as only these cati-
ons quenched emission (Fig. 6a). In-

T R TR terestingly, a quite similar trimacrocy-
molar ratio [CuBr]/[ZnP.1-EDA-Sn(OH)2P. 1] cle, the derivative of the naphthalene-
based diazacrown ether containing the

at 413 nm

Absorbance

N - = same prophyrinate units, was found to

470 520 570 be much more selective towards Cu(ll)

Wavelength, nm as only the addition of this cation led to

Fig. 5. Coordination of Zn(I1)-Sn(l1) bisporphyrinate with Cu(l) full quenching of the emission (Fig. 6b).

Puc. 5. Koopaunarus 6ucniopdupunara Zn (I1) -Sn(1l) c DABCO
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Fig. 6. Fluorescent spectra of the bisporphyrin-diazacrown conjugate with biphenyl-containing diazacrown ether (a) and naphthalene-

based diazacrown ether (b) in the presence of 5 equiv. of different metal cations

Puc. 6. ®yopecueHTHbIE CIIEKTPhI AMa3aKpayH-OuCIOpHHPUHOBOIO KOHBIOTaTa ¢ OM(EHUICOAePIKAIINM JUa3aKkpayH-3GUpoM (a) u
HaTaaMHCOIeprKalM JTHa3akpayH-3(GupoM (b) B MPUCYTCTBUH 5 3KB. pa3IMYHBIX KATHOHOB METAIIJIOB
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More sophisticated tetra-

e © 03 macrocyclic conjugate containing

N N Me Me two Zn(ll) porphyrinate units and a

Me &o OJ Me am central macrobicyclic cryptand was
~ also efficient in the fluorescent detec-

O N\\/\O /\/O\/\o/\JN Q tion of Cu(ll) [19] as only this cation

Me Me an among other 17 led to almost full

guenching of fluorescence (Fig 7).
Copper-catalyzed synthesis
of porphyrin dyads and triads

Cu(l)-catalyzed 1,3-dipo-
lar cycloaddition reactions were
successfully used for the synthesis
of non-linear porphyrin triads con-
taining 1,2,3-triazole linkers. Two
alternative approaches were devel-
oped for this purpose, the first em-
ploying the reaction of 5,15-bis-
(ethynylphenyl) derivative of por-
phyrin with 2 equiv. of meso-(4-azi-
dophenyl)substituted porphyrinate
(Scheme 13) [23]. The application
of Cul/DIPEA in THF-MeCN was

Me Me

520

: - — - i advantageous over a classical sys-
550 880 610 %40 670 700 tem (CuSOu/sodium ascorbate in
Wavelength, nm DMF). The second approach in-

volved Zn(ll) 5,15-bis-(4-azido-

Fig. 7. Fluorescent spectra of the bisporphyrin-macrobicycle con- phenyl) substituted porphyrinate with 2 equiv. of
jugate in the presence of 5 equiv. of different metal cations meso-(4-ethynylphenyl)porphyrinate in the presence
Puc. 7. ®nyopecueHTHBIE CIEKTPBI MaKPOOHITHKI-OUCTIOphHpH- of Cul/DIPEA in THF-MeCN (Scheme 14) and it pro-

HOBOTI'O KOHBIOI'aTa B IPUCYTCTBUU 5 9KB. Pas3IMYHbIX KATUOHOB

36

duced an isomeric porphyrin triad also in a high
70% yield.

METaJIJIOB
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a) Cul/DIPEA, THF/MeCN, 60°C
b) CuS0O4x5H,0, sodium ascorbate DMF, 100°C

68% (method (a))
60% (method (b))

Scheme 13
Cxema 13

Cul/DIPEA in THF/MeCN, 70%

70%

Scheme 14
Cxema 14
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Porphyrin triad of a star shape [24] was ob-
tained using the similar approach in which 1,3,5-tri-
(ethynyl)benzene was reacted with 3 equiv. of meso-
(4-azidophenyl) substituted porphyrinate. The target

tBu

CuS0O,4x5H,0
Sodium ascorbate
DMF/H,0, 90°C

star-shaped triad was isolated in 30% yield (Scheme 15).
All these porphyrin trimers possess very inter-

esting photophysical properties important for studying

femtosecond processes occurring in nature [25].

63, 3 equiv.
+
I
Z X
Scheme 15
Cxema 15
CH-activation reactions for porphyrins sityl-, 5,15-dimesityl- and 5,10,15-trimesitylsubstit-

transformations

Application of palladium catalysis to the syn-
thesis of phosphorylated porphyrins in view of their
coordination and versatile physico-chemical studies is
much addressed in the works by Bessmertnykh-
Lemeune and Gorbunova [26-32]. Another approach to
P-containing porphyrins, namely, Pd(Il)-catalyzed ox-
idative phosphonation of the meso-position of porphy-
rins and their metal complexes was studied using 5-me-

GG

HP(O)(OEt),
2-3 equiv.
Pd(OAc)Z/blpy/KZSZOB

dioxane or MeCN,
100 °C, 24 h

tued porphyrins in the reactions with diethyl phosphite
in the presence of K,S,0s and bipyridyl [33]. It was
disclosed that an accurate adjustment of the amount of
catalyst, base and oxidant was important to obtain good
yields of the desired compounds. Also, the dependence
of the nature of starting porphyrins was crucial for a
success of the synthesis. Thus, monophosphonation of
5-mesitylporphyrin taken as a free base gave only a
moderate yield of the trans-monophosphonated prod-
uct (Scheme 16).

i P(O)(OEt), (EtO),(O)P /i\ )(OEt),
0)(OEt),

P(O)(OEt),

30% (with 2 equiv. HP(O)(OEt), )
49% (with 3 equiv. HP(O)(OEt),)

~

57%

Scheme 16
Cxema 16
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The application of Ni(ll) 5-mesitylporphy-
rinate produced the product of cis-phosphonation in a
high yield (Scheme 17).

HP(O)(OEt),
8 equiv.
Pd(OACc),/bipy/K,S,0g

dioxane, 100 °C, P(O)(OEt),
24 h

80%
Scheme 17
Cxema 17

HP(O)(OEt),
Pd(0AC),/bipy/K;S,0g

(EtO)»(O)P
dioxane, 100 °C, 24 h

M = Hy, Ni

M= H, (32%), Ni(29%)

I.P. Beletskaya, A.D. Averin

The diphosphonation of 5,15-dimesityl por-
phyrin was shown to proceed with the free base and
Ni(Il) porphyrinate, the formation of the monophos-
phonated products in comparable yields was observed
in all cases (Scheme 18).

The phosphonation of the isomeric 5,10-di-
mesityl porphyrin and 5,10,15-trimesitylporphyrin
was a more difficult task and only Ni complexes could
be successfully involved in this process (Scheme 19).
It is interesting that if Zn(Il) porphyrinate was em-
ployed, full demetallation was observed and a free
phosphonated porphyrin was obtained in a rather
good yield.

P(O)(OEt), + (EtO),(O)P

M= H, (20%), Ni (37%)

Scheme 18
Cxema 18

%&

R =H, 2,4,6-triMeCgH, HP(O)(OE),

R=H, 20%,R = 246tr|MeCeH2 13%

Pd(OAc) 2/b.py/Kzszo8

@

dioxane, 100 °C, 24 h
O @ o

42%

Scheme 19
Cxema 19
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Heteroarylation of Zn(ll) 5-(bromophenyl)-
porphyrinates with the heterocycles possessing an
“acidic” C-H bond (benzoxazole, benzothiazole and N-
methylbenzimidazole) was carried out in the presence
of Pd(I1)/Cu(ll) catalytic system. Corresponding heter-
ocyclic derivatives were obtained in yields from good
to high, up to 95% (Scheme 20) [34].

In the case of Zn(Il) 5,15-di(bromophenyl)por-
phyrinate the possibility of diheteroarylation was shown
with benzoxazole while other heterocycles could pro-
duce only monoheterocyclic derivatives (Scheme 21).

Benzoxazole was also the sole heterocycle
helpful in the formation of tri- and tetraheteroaryl de-
rivatives in the reaction with Zn(ll) 5,10,15,20-tetrakis-
(4-bromophenyl)porphyrinate (Scheme 22).

Me Me @N Me Me
>
Am Me X Am Me X
— Br X =S, 0, NMe N x=5 p- 60%
\ 7 X =0, p-, 67%
—_ o,
Pd(OAC),/Cu(OAC), X =0, m-, 50%
" Am Me X =S, m-, 55%
Am Me (ggfﬁo(TO' %) ) X = NMe, p-, 50%
3 (1 equiv. - . 900
Mo Ve K,COs3 (2 equiv.) Me Me X = NMe, m-, 90%
p-Br, m-Br
o)
M M i Me Me. J(
e e Me\N | N> Me Me N N’Me
A Y NM
m Me g, 041\,?1 N Am Me '\ N o)
L == ok
Pd(OAGC),/Cu(OAC),
Am Me (20/20 mol%)
PPhs (1 equiv.) Am Me
K,CO3 (2 equiv.
Me Me 2CO3 (2 equiv.) Me Me
95%
Scheme 20
Cxema 20
R R
Me Me
o) o)
O O~
N N N
©: \> Me Me
X
X =0,S, NMe R R
R = n-Pr, 65%
Pd(OAC),/Cu(OAC), R = n-Am, 52%
(20720 mol%)
PPh; (1 equiv.) Pr Pr

K,COj3 toluene
or

Pd(dba),/DavePhos
(20/22 mol%)
Cs,CO3 DMF
p-, X=8, 64%
p-, X = NMe, 83%
m-, X=S, 19%
Scheme 21
Cxema 21
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Pd(OAc),/Cu(OAc),
(40/40 mol%)
PPh; (2.5 equiv.)
K,COj3, toluene

O__N

N7 0

&

80%

O N
< - OO0
N (0]

o

8 equiv.

O__N

X
W
0

14%

Scheme 22
Cxema 22

CONCLUSIONS

We demonstrated wide possibilities of the
Pd(0)-catalyzed amination for various modifications of
meso-(bromophenyl)substituted  porphyrins  using
monoamines, linear di- and polyamines, azacrown
ethers, more sophisticated nitrogen-containing macro-
cycles and macrobicycles and diaminocalix[4]arenes.
It was shown that porphyrins taken as free bases as well
as their metal complexes could participate in such re-
actions. As a result novel polytopic ligands were elab-
orated and their coordination studies were done. Some
of them were shown to be suitable as potential fluores-
cent chemosensors for Cu(ll) cations. Cu-catalyzed
synthesis of the porphyrin triads was elaborated. Novel
approaches to phosphonated porphyrins and heterocy-
clic derivatives via CH-activation reactions catalyzed
by Pd(11) or Pd(I1)/Cu(ll) were worked out.
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