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Far-Red Region of the Visible Spectrum

Richard N S. van der Haas,!?! Siu-Ha Tang,?! Beatriz Arenas Hernandez,!?!
Robertus L. P. de Jong,!?! Cornelis Erkelens,?! Yan Liu,® Peter Gast,"!
Threes G. M. Smijs,!! Hans J. Schuitmaker,!! and Johan Lugtenburg*!!

Keywords: Porphyrinoids / Cyclization / NMR spectroscopy / Singlet oxygen / Biological activity

The sterically hindered [5-(2’-cyanovinyl)mesoporphyrin di-
methyl ester|nickel complex 1 has been treated with N-meth-
ylformanilide under Vilsmeier conditions. Besides the ex-
pected meso-formylporphyrin derivatives, 22 % of a novel
green compound was isolated. After removal of Ni?* by treat-
ment with concentrated sulfuric acid, the structure of the
novel compound was elucidated by mass spectrometry and
H and '3C NMR spectroscopy, which led to the unambigu-
ous establishment of the unprecedented racemic dimethyl
ester of 2'-cyano-8'-formyl-N'-methyl-1,1a,5a,6-tetra-
hydroacrido([4,5,5a,6-bcd]-annulated  2,3-dihydromesopor-
phyrin structure 5. This racemic form was efficiently sepa-
rated into its two pure enantiomeric forms each of which
shows the same electronic spectrum as the racemate mixture.
The two optical isomers show the exact opposite circular di-
chroism spectra. The structure of this novel product is clearly
formed after the initial attack of the carbenium ion formed
from N-methylformanilide and POCI; at the a-carbon atom
of the appending meso-acrylonitrile function. This process
is thus far an unprecedented cyclization process under
Vilsmeier conditions. It is clear that in this case the aromatic

system of the Vilsmeier reagent is intimately involved in this
reaction. In order to further explore the reactivity of the start-
ing material, we treated it with the Vilsmeier reagent pre-
pared from dimethylformamide and POCI;. In this case we
obtained, besides the expected formylation products, a mix-
ture of two peri-annulated quinoporphyrins. From the struc-
tures of the products and the starting material it could be
established that in this case the attack of the Vilsmeier rea-
gent is on the nitrogen atom of the appending acrylonitrile
function. For the initial tests of 5 as the basis of a photodyn-
amic therapy we found that in the presence of air and light
it is an efficient singlet oxygen generator that is stable during
the irradiation time. It shows no toxicity towards lung carci-
noma cells in the dark while in the presence of air and light
the compound leads to a rapid killing of the cancer cells at
concentrations that are an order of magnitude lower than in
the case of the quinoporphyrin systems. These are all promis-
ing properties for continued studies and further development
towards a photodynamic cancer therapy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Recently we published that the sterically congested [5-(2'-
cyanovinyl)mesoporphyrin dimethyl esterJnickel complex 1
when treated with acid at high temperature in a one-pot
reaction gave a 14% yield of the corresponding dimethyl
ester of quino[4,4a,5,6-efg]-annulated (8-deethyl-7-demeth-
ylmesoporphyrin)nickel complex 2 (see Scheme 1).I'1 This
reaction is unique, because in a series of steps two aromatic
rings are annulated to the porphyrin system. We also found
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that this is a general conversion for congested meso-acrylo-
nitrile-substituted porphyrins. Compound 2 could simply be
demetalated with concentrated sulfuric acid leading to a
porphyrin that shows all the positive physical, chemical,
and biological properties that are essential for the develop-
ment of this molecule as a basis for a photodynamic cancer
therapy in the far-red region of the visible spectrum.

The one-pot formation of 2 from 1 by a proton-induced
reaction may be the first product of a treasure trove of very
useful novel systems that may be simply derived from 1. In
order to further explore the reactivity of 1 with electrophilic
reagents we started a study to treat 1 with carbenium ions
as electrophiles. In this paper we describe the results ob-
tained from the reaction of 1 with (chloromethylene)meth-
yl(phenyl)ammonium dichlorodioxophosphate (3). This salt
is formed from the reaction between N-methylformanilide
and phosphorus oxychloride and commonly used in the
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Scheme 1. The reactions of [5-(2'-cyanovinyl)mesoporphyrin dimethyl ester]nickel complex by (chloromethylene)(methyl)(phenyl)ammo-
nium dichlorophosphate (3) giving 4 and 6 and by a proton giving 2. All names are according to semisystematic [UPAC nomenclature:
1: [5-(2"-cyanovinyl)mesoporhyrin dimethyl ester]nickel complex; 2: quino[4,4a,5,6-¢fg]-annulated 8-deethyl7--demethylmesoporphyrin di-
methyl ester; 3: (2'-cyano-8'-formyl-N'-methyl-1,1a,5a,6-tetrahydroacrido[4,5,5a,6-bcd]-annulated 2,3-dihydromesoporphyrin dimethyl es-
ter)nickel complex; 4: 2’'-cyano-8'-formyl-N'-methyl-1,1a,5a,6-tetrahydroacrido[4,5,5a,6-bc¢d]-annulated  2,3-dihydromesoporphyrin  di-
methyl ester; 5: [20-formyl-5-(2’-cyanovinyl)mesoporphyrin dimethyl esterJnickel complex.

Vilsmeier-Haack formylation of conjugated systems. We
hoped that besides the formation of various meso-formyl
derivatives novel products would also be obtained, resulting
from the special reactivity of the sterically congested acrylo-
nitrile structure of 1.

Results and Discussion

Synthesis

The [5-(2’-Cyanovinyl)mesoporphyrin dimethyl ester]-
nickel complex was prepared according to our earlier pa-
perl!l and treated with a sixfold excess of Vilsmeier-Haack
reagent prepared from N-methylformanilide and phospho-
rus oxychloride After hydrolysis and purification on silica
gel, 130 mg (22%) of a novel green compound 4 with a
strong absorption at 650 nm (Figure 1) was obtained along
with a mixture of the expected meso-formylated products.
From the latter mixture the pure [20-formyl-5-(2'-cyanovi-
nyl)mesoporphyrin dimethyl esterJnickel complex 6 could
be isolated.

Besides a strong absorption at 647 nm, compound 4 also
shows a strong peak at 2198 cm™! in the infrared spectrum
indicating the presence of a nitrile function. Peaks are also
present at 1676 cm™! and a Fermi doublet at 2730 and
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Figure 1. UV/Vis spectra of the nickel complex 4 and the free
base 5 of 2'-cyano-8'-formyl-N'-methyl-1,1a,5a,6-tetrahydroac-
rido[4,5,5a,6-bcd]-annulated  2,3-dihydromesoporphyrin - dimethyl
ester.

2802 cm™!, indicating that there is an aldehyde group at-
tached to an electron-rich part of the molecule. HR-ESI
mass spectrometry gave an exact mass of m/z = 847.3133,
which corresponds with an elemental composition of
12C45 Hyo'“NGB8Ni 'Ot (calculated: m/z = 847.3118),
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which is the monoprotonated form of 4. Removal of nickel
with concentrated sulfuric acid gave the nickel-free deriva-
tive 5 in 63% yield, of which the long-wavelength absorp-
tion has shifted to 687 nm (Figure 1). The nitrile function
and the aldehyde function are still present as indicated by
the absorptions in the IR spectrum at 2194 cm™!, 1674 cm™!
and a Fermi doublet at 2720 and 2760 cm!. A small
amount of the analogous compound, in which the nitrile
function was hydrolyzed to the corresponding amide (20 %),
was also obtained. This amide compound shows no nitrile
absorption in the IR spectrum; instead amide I and II peaks
are observed at 1667 (overlaps with aldehyde) and
1653 cm™!, respectively. The Fermi resonances at 2730 and
2765 cm™! of the aldehyde are still present.

The HR-ESI mass spectrum of 5 shows the parent peak
at m/z = 791.3931 which corresponds to an elemental com-
position of 2Cus'Hs'¥Ng!'%0Os*  (calculated m/z =
791.3921). This corresponds to the monoprotonated form
of 5 with formula >C,5'Hs,'*N!°Os. Compared to 4, the
Ni%* ion has been substituted by two hydrogen atoms. The
unsaturation number is 27. The elemental composition of
5-(2'-cyanovinyl)mesoporphyrin ~ dimethyl  ester s
12C4Hy5'%N5'%0, with an unsaturation number of 21. This
means that 5 contains nine more carbon atoms, seven more
hydrogen atoms, one more nitrogen and one more oxygen
atom than 5-(2'-cyanovinyl)mesoporphyrin dimethyl ester.
Also, the unsaturation number in 5 has increased by six
units. These facts indicate that the carbon, hydrogen and
nitrogen atoms of reagent 3 have been included in the struc-
ture of 5 and that in addition an aldehyde group is present,
presumably attached to the benzene ring of the N-methyl-
aniline group that is now incorporated into structure 5.

NMR Spectroscopy

NMR spectroscopy is the method of choice for establish-
ing the connections between the atoms in a molecule. The

189.60

structure and semi-systematic [UPAC numbering of 5 is
given in Figure 2A. This numbering is used for the assign-
ment of the various 'H, '3C, and '°N signals in the NMR
study. The 600 MHz '"H NMR spectrum of 5 is reproduced
in Figure 3. Comparing the '"H NMR spectrum of 5 with
that of the [5-(2"-cyanovinyl)mesoporphyrin dimethyl ester]
nickel complex shows that the AB doublet of the cyanovinyl
group has disappeared. All other signals of the starting ma-
terial are still present. In this case they are considerably
shifted, indicated with the letter S in Figure 3. The signals
indicated by A are absent in the spectrum of the starting
material. The peaks at 6 = 7.60 (*J = 1.5Hz), 7.21 (3J =
8.9, “J = 1.5 Hz) and 6.49 (3J = 8.9 Hz) ppm form an aro-
matic spin system due to a 1,2,4-trisubstituted benzene nu-
cleus. The aldehyde peak at 6 = 9.14 ppm shows a nuclear
Overhauser effect (NOE) with the peaks at 6 = 7.60 and
7.21 ppm (Figure 2A). The peak at 6 = 3.56 ppm must be
due to the NCHj5 group, because it shows an NOE with the
signal at 0 = 6.49 ppm. The signal at J = 4.82 ppm shows a
small coupling of 0.6 Hz with the signal at 6 = 9.40 ppm.
The methyl signal at 6 = 2.64 ppm must be due to a methyl
group attached to an sp3-carbon atom. The same applies to
the signals at 6 = 1.91 and 1.67 ppm, which are methylene
signals of an ethyl group at a chiral sp? center.

In Figure 2A all the nuclear Overhauser interactions are
given; based on the discussion above, the signals of all hy-
drogen atoms bound to the carbon skeleton can now be
unequivocally assigned. This supports the structure for 5 as
has been depicted in Scheme 1 and in Figure 2.

Based on the '"H NMR spectrum, the presence of an un-
precedented  peri-condensed  (N-methyl-1,1a,5a,6-tetra-
hydroacrido)porphyrin system has been established.

In order to establish this structure rigorously, we used
13C NMR spectroscopy. In Figure 4 the attached proton
test 13C NMR spectrum between 200 and 90 ppm is repro-
duced. The signals that point downwards are those of car-
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Figure 2. A: Structure and numbering of 2'-cyano-8'-formyl-N'-methyl-1,1a,5a,6-tetrahydroacrido[4,5,5a,6-bcd]-annulated 2,3-dihydrome-
soporphyrin dimethyl ester 5 according to the semisystematic IUPAC rules for tetrapyrroles. This numbering is used for the NMR
spectroscopic studies. The NOE interactions in the "H NMR spectra are indicated by doubly pointed arrows. B: The '*C chemical shift
values of all carbon atoms and the >N chemical shift values of the aniline nitrogen atom and all central porphyrin nitrogen atoms are

indicated.
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Figure 3. 600 MHz '"H NMR spectrum of 5 dissolved in CDCl; with tetramethylsilane as the internal standard. The peaks marked with
an * are from CHCIl; and H,O. The peaks marked with A are absent in the starting compound [5-(2'-cyanovinyl)mesoporphyrin dimethyl
ester|nickel complex 1. The resonances marked with S are considerably shifted compared to those of the starting compound 1. Besides
these peaks, signals of a minor impurity are observable throughout the whole spectral range.

bon atoms directly attached to hydrogen atoms. The signals
of the quaternary carbon atoms point upwards. The tertiary
carbon signals could be assigned with the use of 2D 'H-
13C heteronuclear spin quantum coupling (HSQC) NMR
spectroscopy (see Figure 4). With 2D '"H-!3C heteronuclear
multiple bond correlation (HMBC) NMR spectroscopy es-
pecially sp? 3J('3C—'H) interactions of 8 Hz are revealed,
also some 2J and *J('3C-'H) interactions are observed. In
Figure 2A it can be seen that the aromatic carbon atom at
position 2! only has unique 3J('*C-'H) interactions with
the protons at positions 2! and 2°. The only carbon signal
that shows these interactions in the 2D 'H-'*C HMBC
spectrum is that at 6 = 126.3 ppm, which is therefore as-
cribed to carbon atom 2'. The carbon resonance at § =
149.2 ppm shows 3J('3C-'H) interactions with the protons
at positions 22, 2, 27" and 28. Only the carbon atom 2° is
in the right position to show these four interactions. The
carbon signal of the nitrile group is found at 6 = 100.5 ppm
and shows 3J('*C-'H) interactions with the protons at posi-
tions 2% and 2'°. In a similar way all the quaternary carbon
atoms of compound 5 show unique long-range 'H-'3C in-
teractions making it possible to assign all the carbon signals
as indicated in Figure 2B.

3816 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

For the 2D '"H-'"N HMBC spectrum similar rules apply
for the ’N NMR assignments as discussed above for the
13C case. However, the natural abundance of '*N is only
0.35% instead of the 1.1% for '3C. The !N signals could
be observed indirectly from the very sensitive proton signals
using the above-mentioned technique. These spectra show
the signals of five different nitrogen atoms at 6 = —109.7,
—133.9, —244.6, —246.1 and —308.8 ppm with the >N signal
of nitromethane as a reference. The assignments of these
nitrogen atoms are given in Figure 3. The nitrogen atom at
position 23 has a 3J('’N-'H) interaction with the protons
at positions 10 and 15. The nitrogen signal at 6 =
—133.9 ppm shows these connectivities and is therefore as-
signed to N23. The chemical shift values of 6 = —109.7
and —133.9 ppm correspond to those of sp>-nitrogen atoms,
and those of 0 = -246.1 and —244.6 ppm are in the expected
region for pyrrole nitrogen atoms. The signal at ¢ =
-308.8 ppm shows connectivities with the proton at posi-
tion 23 and a 2J(">N-'H) interaction with the methyl pro-
tons at position 27’ It is therefore assigned to the nitrogen
atom in the tetrahydroacrido system condensed to the por-
phyrin. The chemical shift value of 6 = —-308.8 ppm is in the
region of the aliphatic '’N values in agreement with the

www.eurjoc.org Eur. J. Org. Chem. 2005, 3813-3824
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Figure 4. Assignment of all sp?>-carbon signals in the 150 MHz '*C-attached proton test NMR spectrum of 5.

structure. The nitrile nitrogen atom could not be detected,
which is in agreement with the structure since this nitrogen
atom is located four bonds away from the nearest hydrogen
atom, too far for detection by the "H-''N HMBC interac-
tion. Also, the NMR spectroscopy did not allow the unam-
biguous assignment of the NH protons of the porphyrin
structure at 0 = —0.76 and —1.12 ppm. It is clear that NMR
spectroscopy has led to the unambiguous establishment of
the complete assignment of all 13C signals, almost all 'H
signals except those for H22 and H24 and for 5 of the 6
I5N signals.
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Figure 5. Separation of the two enantiomers of 2'-cyano-8'-formyl-
N'-methyl-1,1a,5a,6-tetrahydroacrido[4,5,5a,6-bcd]-annulated  2,3-
dihydromesoporphyrin dimethyl ester 5 using HPLC with a Chi-
ralcel OD column and a mixture of hexanes and ethanol (75:25, v/
v) as the eluent.

Eur. J. Org. Chem. 2005, 3813-3824 WWW.eurjoc.org

The structure of 5 has three chiral carbon atoms (2, 3
and 2%). However, due to the bridging aniline structure at
positions 2 and 28, the substituents on the carbon atoms 2,
3, and 28 are forced into a syn,syn orientation. This results
in the fact that 5 occurs in only two enantiomeric forms.
These two enantiomers have been fully separated with
HPLC using a Chiralcel OD column and a hexane/ethanol
mixture (75:25, v/v) as the eluent. The chromatogram is re-
produced in Figure 5. The CD spectrum of enantiomer 1
is reproduced in Figure 6. The CD spectrum of the other
enantiomer is the exact mirror image of that of enantiomer

1 ' 1 M I ' I M L] 4 1
300 400 500 600 700 800
A [nm]

Figure 6. CD spectrum of the faster running enantiomer of 5 in
CH,(Cl,.
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1. Both enantiomers have electronic absorption spectra
identical to that reproduced for 5 depicted in Figure 1.
These results show that 5 is indeed a 1:1 mixture of two
enantiomers, which are easily separated into the optically
pure forms on a semi-preparative scale.

Reaction Mechanism

Comparison of the structure of the starting material 1
with that of the product shows that all the carbon and ni-
trogen atoms of reagent 3 have been incorporated into 4.
Also an additional aldehyde group has been incorporated
para to the N-methylaniline structure. Scheme 2 is based on
the facts discussed above and indicates a reaction mecha-
nism for the formation of 4.

Electrophilic attack of the carbenium ion (chloromethyl-
ene)(methyl)(phenyl)ammonium dichlorophosphate (3) on
carbon atom 52 of the acrylonitrile function in 1 gives, after
the loss of a proton from position 5% and a CI- ion loss
from the Vilsmeier reagent, the stabilized allylic cation de-
picted in A. Intramolecular attack of this allylic cation on
pyrrolic carbon atom 3 in ring A gives intermediate B in
which a new six-membered ring is formed such that the
ethyl group in position 3 and the appending N-methylani-
line group are oriented trans to one another and a new car-
benium ion center is generated on atom 2. This carbenium
atom at C2 in intermediate B attacks the ortho-carbon atom
of the N-phenyl group, which after proton loss and refor-
mation of the aromatic ring gives intermediate C. In inter-
mediate C the very electron-rich para-C8 is present and re-
acts with the Vilsmeier reagent 3, which is present in excess
and after workup leads to an efficient introduction of a for-
myl group on the aniline substructure in 4.

Although many cyclizations under Vilsmeier conditions
have been described!?! the cyclization that results in the for-
mation of 4 during Vilsmeier formylation of 1 has never
been encountered before. It is clear that the steric hindrance
of the acrylonitrile function in 1 leads to this unique cyclic
product formation.

It is to be expected that this reaction has a very wide
scope because Vilsmeier reagents with several substituted
acylanilines and other aromatic acylamides such as o- and
B-naphthyl, 9-phenanthryl, anthracyl and pyryl, etc. are
easily available.

This means that a whole series of the analogs of 5 are in
principle easily accessible. Also the aldehyde function in 5
can easily be converted into various different organic func-
tions. This situation will make the discovery of a system
that fulfils the requirements for the basis of a photodynamic
therapy attainable in an optimal way.

Scheme 2 indicates that after attack of the Vilsmeier rea-
gent on carbon atom 52 of the 5-acrylonitrile function in 1,
the second attack is on C3 of ring A in the porphyrin sys-
tem. In principle a similar product may be formed when the
second attack takes place at C7 of ring B in 1. In the 'H
NMR spectrum of nickel complex 4 very weak signals of a
minor impurity can be observed showing a similar pattern
as that of 4. Although these signals are too weak to give
certainty about the identity of this impurity they can proba-
bly be assigned to the product formed when the second at-
tack takes place at carbon atom 7 of ring B in 1. Unfortu-
nately, due to its low abundance, this impurity could not be
isolated. It is interesting that this latter type of product is
formed in such a very low yield. Probably because of subtle
factors that are involved in the selectivity between reaction
paths that lead to the observed product in favor of the other
possible reaction course. Perhaps the ethyl group is slightly
more out of plane than the methyl group making the ap-
proach of the Vilsmeier reagent at ring A of the porphyrin
moiety easier. Also the orientation of the acrylonitrile func-
tion may play a role.

From the structure of 4 and the reaction mechanism of
its formation it is clear that the phenyl ring in the Vilsmeier
reagent derived from N-methylformamide has an essential
role in the formation of product 4. When using the Vilsmeier
reagent derived from dimethylformamide, the [20-for-
myl-5-(2!-cyanovinyl)mesoporphyrin dimethyl ester]nickel
complex 6 and its isomers could be isolated. Besides these

Scheme 2. Mechanism for the formation of the peri-condensed tetrahydroacrido-dihydromesoporphyrin 4 starting from the nickel complex
of 5-(2'-cyanovinyl)mesoporphyrin dimethyl ester 1. For the numbering of the atoms in A and B the semisystematic [UPAC numbering

of 1 is used. For C and 4 that of Scheme 1 is used.

3818 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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expected products, a mixture of two novel products 7 and
8 could also be isolated. This mixture shows a strong ab-
sorption in the visible spectrum at 633 nm. The HR-FAB
mass spectrum shows two parent peaks, one large signal at
mlz = 684.2134 corresponding with an elemental composi-
tion '2Csg'H36!*N5'%0,%Ni* and a smaller signal at m/z =
698.2283 with composition '?C;9'H35'*N5'°0,>*Ni*. From
the 'TH NMR spectrum it can be observed that the main
compound shows two AB spectra at 0 = 7.90 and 8.91 ppm
with 3J = 8.9 Hz, and at 6 = 8.17 and 9.31 ppm with 3J
= 4.6 Hz. Using 2D 'H NOESY NMR spectroscopy and
comparing this with the analytical properties of 2! we
found that the structure of the main compound is 7 as de-
picted in Figure 7. The minor compound has one carbon
and two hydrogen atoms more than 7. In the 'H NMR
spectrum an AB pattern corresponding to the benzene part
of the quinoline ring system at 6 = 8.08 and 9.05 ppm with
3J = 9.0 Hz is observed. The 'H NMR spectrum of this
compound differs from that of 7 in that the AB pattern due
to the pyridine part of the quinoline is not observed; in-
stead it shows one extra methyl signal at 6 = 2.87 ppm as a
singlet and a singlet at § = 9.03 ppm. From 2D 'H NOESY
NMR spectroscopy and comparison with the analytical
properties of 2 this compound turns out to be the 5°-
methyl-substituted quinoporphyrin 8 as depicted in Fig-
ure 7. Based on our earlier detailed structure elucidation of
peri-annulated quinoporphyrin systems(!! and the 600 MHz
'"H NMR spectrum of the mixture of 7 and 8, the assign-
ment of all signals could be performed and the structures
of 7 and 8 established without any ambiguity.

It is interesting to realize that the reaction of 1 with the
Vilsmeier reagent obtained from N,N-dimethylformamide
gives completely different products from that of the Vilsmeier
reagent 3 obtained from N-methylformanilide. In the latter
case only attack at C2 of the acrylonitrile function and
subsequent cyclization of the aniline unit is observed. In the
case of the reagent obtained from dimethylformamide and
phosphorus oxychloride only attack at the nitrogen atom of
the acrylonitrile is observed. Products from attack at C2 of
the acrylonitrile function have not been detected. In the lat-

Figure 7. Structures of (3-deethyl-2-demethylquino[4,4a,5,6-bcd]-
mesoporphyrin dimethyl ester)nickel complex 7 and (8-deethyl-7-
demethyl-3'-methylquino[4,4a,5,6-¢fglmesoporphyrin dimethyl es-
ter)nickel complex 8 formed by attack of (chloromethylene)dimeth-
ylammonium dichlorophosphate on the nitrogen atom of the nitrile
function in 1.

ter case the cyclization involves the chloromethylene carbon
atom of the Vilsmeier reagent into the quinoline ring
(Scheme 3) and a more rational way of preparing peri-annu-
lated quinoporphyrins is realized. Once again this type of
cyclization has never been observed in Vilsmeier reac-
tions.”) Presumably the much less delocalized positive
charge in the Vilsmeier reagent from dimethylformamide
and its more hard-electrophilic character switch the reac-
tion type over to the reaction type we have described before
in the reaction of 1 with the hard proton.l'l It is interesting
to realize that in the case of a Vilsmeier reaction with the
reagent from dimethylformamide both expected cyclization
products are formed. In the present case compound 7,
which is the main product, is formed from the attack on C3
of the pyrrole ring A while the minor product 8 is formed
from the attack on C7 of pyrrole ring B. This means that
the same electronic and steric factors are present during this
Vilsmeier cyclization reaction of 1 as in the case with N-
methylformanilide where compound 4 results from the elec-
trophilic attack on C3 in pyrrole ring A as the sole observed
product.

Scheme 3. Mechanism for the formation (quino[4,4a,5,6-bcd]-annulated 3-deethyl-2-demethylmesoporphyrin)nickel complex 7 from the

nickel complex of 5-(2'-cyanovinyl)mesoporphyrin dimethyl ester 1.

Eur. J. Org. Chem. 2005, 3813-3824 WWW.eurjoc.org
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Scheme 3 rationalises how 7 and 8 can be formed. First,
an attack of the (chloromethylene)dimethylammonium cat-
ion on the nitrile nitrogen atom takes place to form a car-
benium ion that attacks C3 of the pyrrole ring A forming
intermediate B, which will lead to compound 7. This inter-
mediate looses a proton to form the exomethylene structure
in C and subsequently chlorine to form an amidinium
structure. Intramolecular attack involving intermediate D
and subsequent proton rearrangement gives the protonated
dimethylamine derivative of a dihydropyridine structure
which, after removal of dimethylamine and nucleophilic at-
tack on the quaternary ethyl group leading to its elimi-
nation, gives the stable quinoporphyrin 7. A similar reac-
tion mechanism can be written for the formation of 8; the
only difference is that the carbenium ion in intermediate A
attacks C7 of pyrrole ring B. Interestingly, a completely
novel preparation for quino-annulated porphyrins has been
realized without the occurrence of an oxidation step. Prod-
ucts that result from the possible attack of the (chlorometh-
ylene)dimethylammonium cation on position 5> of the un-
saturated acrylonitrile function could not be detected.

Recently, it has been reported that the diphenylcarben-
ium ion (formed by reaction of diphenylmethanol in formic
acid) attacks the nitrogen atom of benzonitrile;?! the di-
phenylcarbenium ion is a softer cation than the (chloro-
methylene)dimethylammonium cation because its positive
charge is much more delocalized. It is therefore interesting
to see if its reaction with the acrylonitrile group in 1b would
take place on the nitrile nitrogen atom as with the (chloro-
methylene)dimethylammonium cation or whether it would
resemble the reactivity of Vilsmeier reagent 3 by attacking
the carbon atom 52 of the acrylonitrile.

Upon treatment of 1 with 1 equiv. of diphenylmethanol
in hot formic acid, two compounds were isolated and char-
acterized as the 5>-benzhydryl-substituted products (Z)-9,
(E)-9 (Scheme 4). Based on 'H NMR spectroscopy it is es-
tablished that (£)-9 and (FE)-9 are geometrical isomers that
result from the attack of the diphenylcarbenium cation on
C5? of the acrylonitrile function in 1. Whereas the 'TH NMR
spectrum of (Z)-9 does not show special properties, that of
(E)-9 shows upfield shifts of the diphenylmethyl hydrogen
signal and the hydrogen signals of the diastereotopic phenyl
groups, which are now magnetically nonequivalent. The

CN
= H OH
g
T
HCOOH
A
ofine} o 0

chemical shift of the diphenylmethyl hydrogen atom in (E)-
9 is 2.68 ppm upfield compared to that of (Z)-9. This indi-
cates that the diphenylmethyl hydrogen atom is close to the
porphyrin macrocycle. The ortho-hydrogen atoms of the two
diastereotopic phenyl rings have their signals at 6 = 6.11
and 6.17 ppm. The signal at 6 = 6.11 ppm shows an NOE
with the neighboring methyl group of pyrrole B while the
signal at 0 = 6.17 ppm shows an NOE with the neighboring
ethyl group of pyrrole ring A.

Photochemical Singlet Oxygen Generation

Compound 5 dissolved in toluene was excited with a
9ml, 15ns laser pulse at 532 nm from a home-built Q-
switched frequency doubled Nd:YAG laser operating at
10 Hz. Emission from singlet oxygen at 1270 nm was de-
tected at 90° to the quartz cuvette by an InGaAs photodi-
ode, amplified and then signal-averaged (256 shots) on a
digital oscilloscope (HP infinium). A 1260 nm interference
filter (FWHM = 75 nm) was used to protect the detector
from laser light and sensitizer fluorescence. Typical decay
times were 28 + 1 ps, which is characteristic for singlet oxy-
gen decay in toluene.M Tetraphenylporphyrin was used as a
standard to determine the relative singlet oxygen yield
(@4).P! The relative singlet oxygen quantum yield for 5 in
air-saturated toluene was 0.72 which is close to the singlet
oxygen quantum yield for the nickel-free form of 2 (@, =
0.77).1 No photodegradation as measured by changes in
the absorption spectrum of compound 5, was observed un-
der these conditions. This stability of 5 towards singlet oxy-
gen is surprising. In many porphyrins with appending
double bonds the double bond reacts chemically with the
singlet oxygen generated by the system. An example is the
purpurin obtained by Woodward et al.: During the total
synthesis of chlorophyll ¢ photo-oxygenation by the singlet
oxygen generated by the purpurin derivative itself leads to
cleavage of the double bond in the annulated cyclopentene
ring.[%! The stability of compound 5 towards singlet oxygen
attack on the appending double bond can be explained by
the too low electron density of the double bond due to the
electron-withdrawing capacity of the nitrile function. The
hydrogen atom attached to C2% is both allylic and geminal

S9s

~/ CN
#

Q
—0

O(l)OO o0

\ [
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Scheme 4. Reaction of diphenylmethyl cation with the nickel complex of 5-(2'-cyanovinyl)mesoporphyrin dimethyl ester 1.
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to a tertiary amine function which makes it in general very
reactive towards singlet oxygen and other oxidizing agents.
However, due to structural restrictions caused by the pres-
ence of the N-methylaniline group almost perpendicular to
the plane of the porphyrin ring, the hydrogen atom at posi-
tion 28 is forced into the plane of the cyclohexadiene ring
preventing any stabilization of the species that results from
the removal of the hydrogen atom in position 23 by the
double bond and the aniline function. It is a fortunate coin-
cidence that the precise structure makes compound 5 stable
towards attack by singlet oxygen. The nickel complex 4 was
investigated in the same way; no singlet oxygen was ob-
served (@, < 0.01).

Biological Effects of 5

First, a toxicity test of 5 in cultures of A549 lung carci-
noma cells (American Type Culture Collection) was carried
out in the dark. The cells were incubated in a medium con-
taining 5 at various concentrations. The cultures were left
overnight in the dark at 37 °C. Using the MTT [3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay
based on the methods of Tadal’”! and Carmichaell®! the cell
survival was obtained as a percentage of untreated cells as
control. Even at concentrations up to 30 pg/mL in the me-
dium cell, survival was complete within experimental error,
showing that 5 is essentially nontoxic towards the lung car-
cinoma cells in the dark.

After incubating the lung cancer cells for 4 h with 5 in
the dark followed by illumination for 15 min with white
light of 30 mW/cm?, the lung carcinoma cells were killed
completely at concentrations of 1 pg/mL and higher. Fur-
ther experiments in triplet at concentrations lower than
1 pg/mL with 5 as well as with mTHPCP-!] indicated that
cell survival was 30% at concentrations of 0.15 ng/mL for
both photosensitizers. This means that in the presence of
air and light 5 acts as a very efficient photodynamic agent
at much lower concentrations than the quino-annulated
porphyrins described before.

Conclusions

The racemic form of the dimethyl ester of 2’'-cyano-8'-
formyl-N'-methyl-1,1a,5a,6-tetrahydroacrido[4,5,5a,6-bcd]-
annulated 2,3-dihydromesoporphyrin 5 is formed in 22%
yield in a one-pot reaction by attack of the Vilsmeier rea-
gent derived from N-methylformanilide and phosphorus
oxychloride on the a-carbon atom of the acrylonitrile func-
tion in [5-(2'-cyanovinyl)mesoporphyrin]nickel(11) complex
1. This initial attack is followed by a cascade of steps lead-
ing to the above-mentioned final product.

The system could easily be separated into the two op-
tically pure forms by separation on a chiral column. Based
on the reaction mechanism, it is to be expected that in a
similar way using other aromatic acylamide systems a wide
range of new systems with analogous structures will be eas-
ily available, which can also be separated into pure optical
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isomers. In order to further investigate the reactivity of the
sterically hindered meso-acrylonitrile function, we treated 1
with the Vilsmeier reagent obtained from N,N-dimethyl-
formamide and phosphorus oxychloride, and in this way
we obtained two different peri-condensed quinoporphyrin
systems, which could not be separated into their pure forms
thus far. It is clear that the less delocalized positive charge
in this carbenium ion attacks the nitrogen function of the
meso-acrylonitrile group leading to a direct route for the
peri-condensed quinoporphyrin series without oxidative
processes as has been discribed in our earlier publication
where the localized hard proton also attacks the nitrogen
atom of the acrylonitrile group. In order to test that the
hard or soft acid character of the reagent determines
whether the primary attack is either on the nitrogen atom
of the acrylonitrile group or on the a-carbon atom, we also
treated the hindered meso-acrylonitrile-substituted com-
pound 1 with the diphenylcarbenium ion. In this case only
the (Z) and the (E) form of {5-[2'-cyano-2'-(di-
phenylmethyl)vinyljmesoporphyrin dimethyl ester}nickel(1r)
complex are formed resulting from the attack of the carben-
ium ion on the a-carbon atom of the acrylonitrile side
chain.

The racemic dimethyl ester of 2'-cyano-8'-formyl-N'-
methyl-1,1a,5a,6-tetrahydro-acrido[4,5,5a,6-bcd]-annulated
2,3-dihydromesoporphyrin 5 is an efficient singlet oxygen
generator while it is nontoxic towards lung carcinoma cells.
Treatment of the carcinoma cells with the combination of
5, air and light gives an efficient cell-killing complex at very
low concentrations of 0.15 pg/mL of photosensitizer 5.

We feel that because many similar analogs of 5 can be
made available, there should be an optimal starting condi-
tion to find a system that has all the required properties
that will lead to an optical system for clinical photodynamic
therapy.

Experimental Section

General: [5-(2'-Cyanovinyl)mesoporphyrinato]nickel complex 1 was
prepared from mesoporphyrin dimethyl ester according to a litera-
ture procedure.'l N-Methylformanilide, phosphorus oxychloride,
(diethylphosphono)acetonitrile, nickel(11) acetate tetrahydrate and
benzhydrol were obtained from Aldrich. Sodium hydride was ob-
tained from Merck. Sulfuric acid was obtained from Boom. Silica
gel 60 (230-400 mesh) was obtained from Fluka and N, N-dimethyl-
formamide, tetrahydrofuran (THF), diethyl ether, dichloromethane,
dichloroethane, chloroform, formic acid and methanol were ob-
tained from Biosolve. THF and diethyl ether were distilled prior to
use to remove the stabilizer. CDCl; used for NMR spectroscopy
was treated with potassium carbonate to remove traces of acid.
Thin layer chromatography (TLC) was accomplished with TLC
aluminum sheets covered with silica gel 60, F254 from Merck.
NMR spectra were measured with a Bruker DPX300 or a Bruker
DMX600. 'H-2D-COSY, 'H-2D-NOESY, Attached Proton Test
(APT) 13C NMR, 2D "*C-'H HSQC NMR, 2D 3C-'H HMBC
NMR and 2D N-'H HMBC NMR spectroscopy were applied to
establish the structure of new compounds. 60.8 MHz "N NMR
inverse-detected NMR spectra were derived from 2D '"N-'H
HMBC NMR spectra. UV/Vis spectra are measured with a Perkin—
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Elmer Lambda-900 UV/Vis/NIR spectrophotometer. CD spectra
were recorded using dichloromethane as the solvent with a Jobin
Yvon spex CD6 spectrometer using a cylindrical quartz cell
(pathlength 0.1 mm). The CD spectra were baseline-corrected and
smoothed. Melting points were measured with a Biichi apparatus
and are uncorrected. Fast atom bombardment (FAB) mass spec-
trometry was carried out using a JEOL JMS SX/SX 102A four-
sector mass spectrometer coupled to a JEOL MS-MP9021D/UPD
system program. Samples were loaded in a matrix solution (3-ni-
trobenzyl alcohol) on to a stainless steel probe and bombarded
with Xenon atoms with an energy of 3 keV. During the high-resolu-
tion measurements a resolving power of 10000 (10% valley defini-
tion) was used. Electron spray ionization (ESI) mass spectrometry
was carried out with a Thermo Finnigan LTQ-FT with a 7 Tesla
superconducting magnet. The high-resolution measurements were
carried out with a resolving power of 100000. The HPLC experi-
ments were conducted with a Spectroflow 400 solvent delivery sys-
tem, a Chiralcel OD column, and a Spectroflow 757 absorbance
detector set at a wavelength of 254 nm.

Synthesis

(2'-Cyano-8'-formyl-/NV'-methyl-1,1a,5a,6-tetrahydroacrido[4,5,5a,6-
bcdl-Annulated  2,3-Dihydromesoporphyrin - dimethyl ester)nickel
Complex (4): POCl; (0.40 mL, 4.3 mmol) was added dropwise to
N-methylformanilide (0.55 mL, 4.5 mmol) after which the mixture
was stirred for 30 min. This mixture was then added to a solution
of 500 mg (0.71 mmol) of [5-(2'-cyanovinyl)mesoporphyrin di-
methyl ester]nickel complex 1 in 45 mL of dichloroethane. The re-
action was monitored with TLC using a mixture of 1% methanol
in dichloromethane as the eluent. After 1 h of stirring at room tem-
perature, the initially brown solution had turned green and 60 mL
of a saturated aqueous solution of sodium acetate was added to
hydrolyse the product mixture. This mixture was stirred for 16 h
after which the organic layer was separated and the solvent evapo-
rated under reduced pressure. N-Methylformanilide and N-methyl-
aniline in the crude product mixture were removed using silica gel
flash chromatography with diethyl ether/hexanes (1:1). The porphy-
rin mixture was separated using silica gel chromatography with
dichloromethane. The first brown fraction contained 160 mg
(0.23 mmol, 28%) of the starting compound, the following green
bands contained 105 mg (0.14 mmol, 20%) of a mixture of the
nickel complexes of meso-formylated 5-(2'-cyanovinyl)mesopor-
phyrin dimethyl ester. The last bright green band contained 130 mg
(0.16 mmol, 22%) of the new compound 4. HR-FAB MS [M + H]:
found: m/z = 847.3133, caled. for >Cug'Hyo!*Ng!'®O5*8Ni*: m/z =
847.3118. '"H NMR (600 MHz, CDCls): 6 = 0.24 [t, 3 H, 3J(3"'-H-
3?-H) = 7.5 Hz, 3*-CH;], 1.45 (m, 1 H, 3"-CH®), 1.54 [t, 3 H,
3J(8'-H-8%-H) = 7.6 Hz, 82-CHj3], 1.75 (m, 1 H, 3"-CH®), 2.31 (s,
3 H, 2""-CH3), 2.93 (m, 2 H, 132-CH,), 3.00 (s, 3 H, 7'-CH3), 3.03
(m, 2 H, 172-CH,), 3.06 (s, 3 H, 12!-CH3), 3.11 (s, 3 H, 18'-CH3),
3.38 (m, 1 H, 8'-CH®?), 3.45 (m, 1 H, 8'-CHP), 3.53 (s, 3 H, 27"-
NCHs), 3.66 (s, 3 H, 135-OCH3), 3.72 (s, 3 H, 17°-OCH3), 3.85 (m,
2 H, 13'-CH,), 3.90 (m, 2 H, 17!-CH,), 4.61 (s, 1 H, 28-CH), 6.61
[d, 3J(2*-H-25-H) = 8.8 Hz, 1 H, 2°-H], 7.09 [d, 4J(2>-H-2*-H) =
1.7 Hz, 1 H, 2%-H], 7.36 [dd, 3J(2*-H-2°-H) = 8.8, “J(22-H-2*-H)
= 1.7Hz, 1 H, 2*-H], 8.29 (s, 1 H, 20-CH), 8.60 (s, 1 H, 2'°-CH),
8.86 (s, 1 H, 10-CH), 8.97 (s, 1 H, 15-CH), 9.16 (s, 2*-CHO) ppm.
13C NMR (150.9 MHz): § = 9.5 (CH;-3%), 10.9 (CH;-12"), 11.2
(CH;-18Y), 14.9 (CH;-7Y), 17.2 (CH;-8%), 19.3 (CH,-8"), 21.2 (CH,-
13Y), 21.3 (CH,-17"), 21.4 (CH;3-2Y), 27.0 (CH5-3"), 36.4 (CH,-
13%), 36.4 (CH,-17%), 37.0 (NCH3-27"), 51.7 (OCH5-13%), 51.8
(OCH;-17%), 53.7 (C-3), 54.0 (C-2), 58.7 (CH-28%), 94.9 (CH-20),
99.7 (CN-2%"), 100.3 (C-5), 103.5 (CH-15), 104.3 (CH-10), 110.4
(CH-2%), 121.9 (C-2°), 125.4 (C-2"), 125.8 (C-23), 127.8 (CH-2?),
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130.5 (C-7), 130.9 (CH-2%), 133.7 (C-18), 134.8 (C-12), 136.1 (C-
9), 137.2 (C-16), 137.6 (C-13), 138.6 (C-14), 139.7 (C-11), 141.7 (C-
17), 143.4 (C-21%), 143.8 (C-6), 146.4 (C-19), 147.9 (C-8), 149.0 (C-
4), 149.5 (C-25), 156.0 (C-1), 173.3 (C-13%), 173.4 (C-17%), 189.8
(CH-2%) ppm. UV/Vis (CH5CL): Anax (log &) = 339 (4.5), 428 (4.8),
511 (3.7), 648 (4.4) nm.

[5-(2'-Cyanovinyl)-20-formylmesoporphyrin  dimethyl ester|nickel
Complex 6a: 'H NMR (300 MHz, CDCl,): 6 = 1.59 [t, 3J(3!-H-3%-
H) = 7.6 Hz, 3>-CH; and 8-CHj], 3.01 [t, 3J(13'-H-132-H) =
7.4 Hz, 13%-CH, and 17>-CH,], 3.22 (s, 12 H, 2!-CH3, 7!-CH,, 12!-
CHj; and 18!-CH3), 3.59 [q, 3J(3'-H-32-H) = 7.6 Hz, 3'-CH, and
8!-CH,], 3.68 (2's, 6 H, 13>-OCHj; and 17°-OCH3), 3.96 [t, J(13!-
H-132-H) = 7.4 Hz, 13!-CH, and 17'-CH], 9.46 [d, 1 H, 3J(5'-H-
52-H) = 16.1Hz, 5'-CH], 11.80 (s, 1 H, 20-CHO). UV/Vis
(CH,CLy): Amax (log €) = 328 (4.2), 440 (4.9), 607 (sh, 3.9), 653 (4.0)
nm.

2'-Cyano-8'-formyl-/N'-methyl-1,1a,5a,6-tetrahydroacrido|4,5,5a,6-
bcd]-Annulated 2,3-Dihydromesoporphyrin Dimethyl Ester 5: Com-
plex 4 (50 mg, 0.06 mmol) was dissolved in 4.0 mL of concentrated
sulfuric acid and stirred at room temperature for 30 min. The reac-
tion mixture was neutralized with an aqueous solution of sodium
acetate and the precipitate was filtered off and washed with water.
The crude product was purified by silica gel chromatography using
a mixture of 1% of methanol in dichloromethane as the eluent.
The product was recrystallized from a mixture of dichloromethane
and hexanes giving a yield of 29 mg (0.04 mmol, 62%). HR-FAB
MS [M + H] found: m/z = 7913931, caled. for
12C45'Hs N6 1005™: m/z = 791.3921. 'TH NMR (600 MHz, CDCl5):
6 =-1.12 (br., 1 H, NH), -0.76 (br., 1 H, NH), 0.07 [t, 3 H, 3J(3"-
H-3%-H) = 7.2 Hz, 3*-CHj5], 1.65 (m, 1 H, 3""-CH?), 1.67 [t, 3 H,
3J(8'-H-8%-H) = 7.7 Hz, 82>-CHj3], 1.91 (m, 1 H, 3"-CH?), 2.64 (s,
3 H, 2"-CHj), 3.08 [t, 3J(13'-H-13%-H) = 7.7 Hz, 2 H, 13>-CH,],
3.20 [t, 3J(17'-H-17?-H) = 7.7 Hz, 2 H, 17>-CH,], 3.28 (s, 3 H, 12!-
CHs), 3.43 (s, 3 H, 7'-CHs), 3.50 (s, 3 H, 18'-CH3), 3.56 (s, 3 H,
27-NCH3), 3.65 (s, 3 H, 13%-OCHy3), 3.70 (s, 3 H, 17°-OCH5), 3.81
(m, 1 H, 8!-CH®), 3.86 (m, 1 H, 8'-CHP), 4.06 (m, 2 H, 13'-CH,),
4.24 [t, 3J(17'-H-17>-H) = 7.7 Hz 2 H, 17'-CH,], 4.82 (s, 1 H, 28-
CH), 6.49 [d, 3J(2*-H-25-H) = 8.7 Hz, 1 H, 2°-H], 7.21 [dd, 3J(2*
H-2°-H) = 8.7, 4J(22>-H-2*-H) = 1.3 Hz, 1 H, 2*-H], 7.59 (br., 1 H,
22-H), 9.04 (s, 1 H, 20-CH), 9.14 (s, 2¥-CHO), 9.40 (s, 1 H, 2'°-
CH), 9.53 (s, 1 H, 10-CH), 9.57 (s, 1 H, 15-CH) ppm. '3*C NMR
(150.9 MHz): 6 = 9.9 (CH3-3%), 11.3 (CH3-18"), 11.5 (CH3-121),
15.5 (CH3-7Y), 17.2 (CH3-8?), 19.3 (CH»-8}), 21.4 (CH»-17"), 21.6
(CH»-13"), 22.5 (CH;3-2"), 27.7 (CH;5-3"), 36.4 (CH,-17%), 36.8
(CH,-13?%), 37.5 (NCH3-27"), 51.7 (OCH3-13%), 51.8 (OCH3-17%),
53.6 (C-3), 54.3 (C-2), 58.0 (CH-28%), 94.3 (CH-20), 100.5 (CN-2%"),
101.2 (C-5), 102.8 (CH-15), 102.9 (CH-10), 110.8 (CH-2%), 122.7
(C-29), 125.4 (C-2%), 126.3 (C-21), 126.7 (C-7), 128.7 (CH-2%), 130.0
(C-18), 130.8 (CH-2%, 131.1 (C-9), 133.0 (C-16), 137.6 (C-17),
137.9 (C-6), 138.2 (C-12), 139.6 (C-19), 140.2 (C-13), 143.8 (C-8),
144.4 (C-219), 149.2 (C-29), 150.8 (C-14), 151.0 (C-11), 161.9 (C-4),
167.8 (C-1), 173.6 (C-13%), 173.3 (C-173), 189.6 (CH-2*) ppm. UV/
Vis (CH,Cly): Anax (log &) = 342 (4.7), 428 (5.1), 518 (3.9), 560 (4.3),
633 (3.8), 688 (4.6) nm.

Reaction of 1 with (Chloromethylene)dimethylammonium Dichlo-
rophosphate: POCl; (0.40 mL, 4.3 mmol) was added dropwise to an
ice-cold mixture of dimethylformamide (0.55 mL, 4.5 mmol) and
1.0 mL of chloroform, after which the mixture was stirred at room
temperature for 20 min. This mixture was then added to a solution
of [5-(2"-cyanovinyl)mesoporphyrin dimethyl ester]nickel complex 1
(500 mg, 0.71 mmol) in 20 mL of chloroform. The reaction was
monitored by TLC using a mixture of 1% methanol in dichloro-
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methane as the eluent. After 16 h of stirring at room temperature,
an aqueous solution of sodium acetate was added until the pH was
7 and the reaction mixture was stirred until hydrolysis was com-
plete. The chloroform was then removed by distillation under re-
duced pressure, the solid mixture obtained in this way was filtered
off and dissolved in dichloromethane. With silica gel flash
chromatography a complex mixture of formylated products
(350 mg, 0.48 mmol, 67%) was obtained using 2% methanol in
dichloromethane as the eluent. When using 5% methanol in dichlo-
romethane, a green fraction was collected which contained 45 mg
of an impure mixture containing quino-annulated porphyrins as
recognized from the V-shaped spot on the TLC obtained with
80%THF and 20% diethyl ether (v/v). This latter fraction was puri-
fied on silica gel for a second time using a mixture of 60% THF
and 40% diethyl ether (v/v). This yielded 25 mg of a mixture con-
taining 7 and 8 in a 2:1 ratio.

(3-Deethyl-2-demethylquino|4,4a,5,6-bcdlmesoporphyrin  dimethyl
ester)nickel Complex 7: HR-FAB MS [M + H]: found: m/z =
684.2134, caled. for 2Csg'H36'*Ns'°0,Ni*: m/z = 684.2121. 'H
NMR (600 MHz, CDCl3): 6 = 1.53[t, 3 H, 3J(8'-H-82-H) = 7.9 Hz,
82-CHs), 2.79 (s, 3 H, 18!-CH3), 2.91-2.97 (m, 2 H, 17>-CH,), 2.99
(s, 3 H, 7'-CH3), 3.04-3.09 (m, 2 H, 132-CH.), 3.37 (s, 3 H, 12!-
CHs), 3.39 [q, 3J(8'-H-82-H) = 7.9 Hz, 8!-CH,], 3.70 and 3.73 (2
s, 6 H, 2 OCH3;), 3.83 (m, 2 H, 17!'-CH,), 4.03 (m, 2 H, 13'-CH,),
7.90 [d, 1 H, 3J(2°-H-2°-H) = 9.3 Hz, 2°-CH], 8.17 [d, 1 H, 3J(2'-
H-22-H) = 4.6 Hz, 2!-CH], 8.58 (s, 1 H, 20-CH), 8.91 [d, 1 H,
3J(25-H-2%-H) = 9.3 Hz, 2%-CH], 8.98 (s, 1 H, 10-CH), 9.03 (s, 1
H, 15-H), 9.31 (s, 1 H, 2>-CH) ppm.

(8-Deethyl-7-demethyl-3'-methylquino|4,4a,5,6-¢fg]lmesoporphyrin
dimethyl ester)nickel Complex 8: HR-FAB MS [M + H]: found:
mlz = 6982283, calcd. for '2C;39'H;5'*Ns'°O,8Ni*: m/z =
698.2277. 'H NMR (600 MHz, CDCls): 6 = 1.59 [t, 3 H, 3J(3'-H-
32-H) = 7.7 Hz, 3>-CHj), 2.71 (s, 3 H, 12'-CH3), 2.87 (s, 3 H, 5%'-
CH), 2.91-2.97 (m, 2 H, 13?-CH,), 3.04-3.09 (m, 2 H, 17>-CH,),
3.12 (s, 3 H, 2!-CH3;), 3.31 (s, 3 H, 18'-CH3), 3.55 [q, 3J(3!-H-3>-
H) = 7.7 Hz, 3'-CH,], 3.68 and 3.71 (2's, 6 H, 2 OCHj3), 3.83 (m,
2 H, 13!-CH,), 4.03 (m, 2 H, 17'-CH,), 8.08 [d, 1 H, 3J(5!-H-5°-
H) = 9.3 Hz, 5>-CH], 8.40 (s, 1 H, 10-CH), 9.03 (s, 1 H, 5°-CH),
9.05[d, 1 H, 3J(5'-H-5%-H) = 9.3 Hz, 5!-CH], 9.11 (s, 1 H, 15-CH
and 20-CH) ppm.

Reaction of 1 with Diphenylmethyl Carbenium Ion Generated from
Benzhydrol in Formic Acid: A mixture of 1 (200 mg, 0.28 mmol)
and benzhydrol (51 mg, 0.28 mmol) in 5.0 mL of formic acid was
refluxed for 2 min after which the mixture was poured into 200 mL
of saturated sodium carbonate. The crude product was extracted
with dichloromethane and dried with magnesium sulfate after
which the solvent was evaporated. The crude product was purified
on silica gel using a mixture of diethyl ether and hexanes (35:65,
v/v). Two red fractions were obtained: The first red fraction was
recrystallized yielding 45 mg (0.05 mmol, 18%) of (£)-9; the second
brown-red band was also recrystallized yielding 72 mg of (Z)-9
(0.08 mmol, 29 %).

{(E)-|2'-Cyano-2'-(diphenylmethyl)vinyljmesoporphyrin dimethyl
ester}nickel Complex (E)-9: HR-FAB MS [M + HJ: found: m/z =
868.3374, calcd. for '2Cs,'Hs,'*Ns'®O4Ni*: m/z = 868.3373. 'H
NMR (600 MHz, CDCls): 6 = 1.63 [2 t, 6 H, *J(3'-H-32-H) =
7.5 Hz, 3°-CHj; and 82-CH3}, 2.65 (s, 1 H, 53-CH), 3.06 (s, 3 H, 7'-
CHj;), 3.12-3.19 (m, 13%>-CH, and 17>-CH,), 3.31 (s, 3 H, 2'-CH3),
3.42 and 3.44 (2's, 6 H, 12'-CHj; and 18'-CH3), 3.59 (m, 1 H, 3'a-
CH), 3.70 and 3.71 (2's, 6 H, 135-OCHj; and 17°-OCH3;), 3.69-3.74
(m, 2 H, 8'-CH,), 3.82 (m, 1 H, 3'*-CH), 4.16 (m, 13'-CH, and
17'3-CH,), 4.23 (m, 13'>-CH, and 17'°-CH,), 6.11 [d, 2 H, 3J(or-
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tho-H-meta-H) = 7.5 Hz, Ph1°°-CH], 6.17 [d, 2 H, 3J(ortho-H—
meta-H) = 7.5 Hz, Ph2°"°-CH], 6.79 [dd, 2 H, 3J(ortho-H-meta-
H) = 7.5, 3J(meta-H-para-H) = 7.5 Hz, Ph2"*“-CH], 6.83 [dd, 2
H, 3J(ortho-H-meta-H) = 7.5, 3J(meta-H-para-H) = 7.5 Hz,
Phl™¢.CH], 6.89 [t, 1 H, 3J(meta-H-para-H) = 7.5 Hz, Ph2r@a.
CH], 6.97 [t, 1 H, 3J(meta-H-para-H) = 7.5 Hz, Ph17*-CH], 9.56
(2's, 2 H, 10-CH and 20-CH), 9.60 (s, 1 H, 15-CH), 9.75 (s, 1 H,
5!-CH) ppm. '*C NMR (150.9 MHz): § = 11.4 (CH;-2"), 11.5 (2
signals CH;-12! and CH3-18"), 16.3 (2 signals, CH3-3%> and CHj;-
7Y, 17.4 (CH;3-8%), 19.5 (CH,-8"), 21.6 (2 signals, CH,-13% and
CH,-17%), 22.1 (CH,-3"), 36.6 and 36.7 (CH,-13?> and CH,-17?),
48.7 (CH-5Y), 51.8 (OCH;-13% and OCH;-17°), 96.7 (CH-15), 97.4
and 97.5 (CH-10 and CH-20), 104.2, 119.5, 123.4, 126.6 (CH-
Ph2r@a), 126.8 (CH-Ph1#%¢), 127.8 (CH-Ph2°°), 127.9 (CH-
Ph27ete), 128.0 (CH-Ph1™¢*), 128.1 (CH-Ph1°°), 137.3, 137.7,
137.8, 137.8, 138.6, 138.8, 139.3, 139.4, 139.5, 140.2, 140.4, 140.5,
141.0, 144.3, 145.9, 147.1 (CH-5Y, 173.5, 173.5 ppm. UV/Vis
(CH,Cly): Zmax (log €) = 293 (4.1), 346 (4.1), 405 (5.1), 530 (4.0),
565 (4.2), 649 (3.4) nm.
{(Z)-[2'-Cyano-2'-(diphenylmethyl)vinylmesoporphyrin dimethyl
ester}nickel Complex (Z)-9: HR-FAB MS [M + H]: found: m/z =
868.3362, caled. for 2Cs,'Hs,"*Ns'®O,Ni*: m/z = 868.3373. 'H
NMR (600 MHz, CDCl3): 6 = 1.46 [t, 3 H, 3J(3!-H-32-H) = 7.5 Hz,
32-CH3], 1.62 [t, 3 H, 3J(8'-H-82-H) = 7.7 Hz, 8>-CH;], 3.09 (m, 4
H, 132-CH, and 17>-CH,), 3.12 (s, 3 H, 7'-CH;), 3.32 (s, 3 H, 2!-
CH3), 3.38 (2's, 3 H, 12!-CH; and 18'-CH3), 3.57 (m, 1 H, 3'a-
CH), 3.62 (m, 1 H, 3'b-CH), 3.68 and 3.69 (2 s, 6 H, 2 OCHj),
3.73 (m, 1 H, 8'a-CH), 3.82 (m, 1 H, 8'b-CH), 4.10 (m, 2 H, 13'a-
CH and 17'a-CH), 4.20 (m, 1 H, 13'b-CH and 17'b-CH), 5.33 [d,
1 H, *J(5'-H-5%-H) = 1.1 Hz, 5*-H], 7.29-7.41 (m, 10 H, phenyl-
H), 9.07 [d, 1 H, “J(5'-H-5*-H) = 1.1 Hz, 5'-H], 9.46 (s, 3 H, 10-
CH, 15-CH and 20-CH) ppm. '3C NMR (150.9 MHz): § = 11.4
and 11.4 (2'-CHj, 12!-CH; and 18'-CH3), 16.4 (82-CHj3), 17.1 (7'-
CH3), 17.3 (3%-CH3), 19.6 (8!-CH,), 21.6 (13'-CH, and 17'-CH,),
22.3 (3'-CH,), 36.6 (13>-CH, and 17>-CH,), 49.1 (OCH3), 51.8
(OCH3), 56.8 (5°-CH), 96.8, 97.5, 97.5, 105.4, 116.1, 125.3,
127.7(Ph-CH), 129.0 (Ph-CH), 129.1(Ph-CH), 136.6, 137.7, 138.0,
138.9, 139.5, 139.7, 139.9, 140.1, 140.1, 140.8, 141.0, 143.9, 146.3,
147.0 (5'-CH), 173.5, 173.5 ppm. UV/Vis (CH5Cl,): Anax (log &) =
344 (4.1), 408 (4.9), 530 (4.0), 569 (4.0), 651 (3.3) nm.
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