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N-Substitution: The Neglected Path to Nonplanar Porphyrins

Marie Roucan,” Keith J. Flanagan,® John OBrien,” Mathias O. Senge*?

Abstract: N-substitution of porphyrins has been a neglected route
towards nonplanar porphyrins for the past decades. Previously, they

featured in a host of potential medicinal and biochemical applications.

However, tailored syntheses of N-methylated porphyrins,
improvements of synthetic methodology, or full conformational
analyses were lacking since the initial studies. Here we investigated
and optimized synthetic pathways to generate specific N-methylated
porphyrins exclusively and in good yields. Full characterizations of
the spectroscopy and structural properties associated with the

Introduction

N-Substituted porphyrins, the so-called “green pigments”, are a
unique class of molecules relevant to medicine and
biochemistry.! In nature, they are strong inhibitors of
ferrochelatase,'*? the enzyme catalyzing the insertion of iron
into protoporphyrin IX.®! N-alkyl porphyrins competitively inhibit
ferrochelatase as their distorted macrocycle mimics the
transition state of the enzyme and tightly binds to the
ferrochelatase active site.®®* Montellano and co-workers
confirmed by structural studies that the species responsible for
the inhibition of human ferrochelatase is N-methylprotoporphyrin
IX." Such N-substituted porphyrins are formed in nature as by-
products of reactions between some xenobiotics and
cytochrome P450.”) These monooxygenase enzymes
accommodate an iron protoporphyrin IX in their active site. The
destruction of cytochromes P450 by the substrate results in the
formation of N-alkylated porphyrins and their accumulation in the
liver.!®! Additionally, such compounds have been found in
erythrocytes of animals after administration of
phenylhydrazine.”®

Their synthesis has been widely studied since their discovery. in
1936 by McEwen.” Direct alkylation of free base porphyrins with
a methyl unit was achieved by Jackson and co-workers!'” using
reagents such as methyl iodide or methyl
trifluoromethanesulfonate.'' These methods allow the rapid
preparation of nonplanar, core distorted porphyrins, especially
when compared to the synthesis of nonplanar porphyrins where
distortion is induced via peripheral peri substituent
interactions.'"? However, this method is limited in terms of
reactivity and does not allow the incorporation of larger residues
into the porphyrin core. Such a procedure was developed by
Callot et al. using the respective metalloporphyrins. Here, the
electrophile binds to the metal and then migrates to the pyrrolic
nitrogen which is followed by elimination of the metal and
subsequent reduction to the desired porphyrin.I" Optimization of
this synthetic pathway in the past decades allowed the
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insertion of different numbers of methyl into the porphyrin core of
5,10,15,20-tetrasubstituted A4~ and 5,15-disubstituted A,-type
porphyrins was carried out using UV-vis, NMR, and X-ray
crystallographic techniques. The latter, in conjunction with detailed
normal structural decomposition analyses, identified the structural
consequences of number and isomeric pattern of N-methylation in
terms of macrocycle nonplanarity and the underlying out-of-plane
and in-plane distortion modes.

preparation of a variety of N-substituted porphyrin systems
ranging from free bases to bridged systems with a linker
between two of the inner nitrogen atoms (Fig. 1).1'%"

N-substituted porphyrins

N-R-M bridged N-R-N bridged
\ J
N

Bridged

Free base Metallated

Figure 1. Various pyrrolic nitrogen atom substitution patterns.

Since then interest in these compounds has waned. 1997 saw
reports on multiple N-methylation of porphyrins, achieving the
substitution of all four nitrogen atoms,"®>'® resulting in highly
nonplanar macrocycle systems with both core and peripheral
strain.l"? In continuation of this work, we were intrigued to further
investigate the influence of meso-peripheral units on the
methylation process. N-alkylated porphyrinoids are of interest as
they allow an investigation of the correlation between increasing
distortion and N-substitution pattern. Such conformational
modification induces distinct changes in their spectral and
electrochemical properties.I'? Notably, an increase in basicity
and an improvement in the binding properties (small molecules
or anions) have been observed, allowing their use as
organocatalysts.!"”) Further advances in this area require access
to a broader range of core-alkylated porphyrins and, herein, we
describe comparative investigations on the synthesis and
structural characterization of N-substituted 5,10,15,20- and 5,15-
substituted porphyrins containing groups with various electron-
dependent properties.

Results and Discussion

Target Compounds

This project discusses porphyrin macrocycle modification
through molecular engineering. This concept has previously
been explored extensively with  ‘highly substituted
porphyrins' through steric hindrance involving the meso and B-
positions or via core protonation.">"®! Here, we exploit N-
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methylation of the porphyrin core to induce conformational
changes. A variety of porphyrins were synthesized presenting
low to high meso-substitution with different electronic substituent
effects to allow comparative conformational and structural
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analyses (Fig. 2). We focused on symmetric porphyrins to allow
for a facile distinction between precursors and compounds
formed upon N-methylation.

X R R2 R3 R* X ‘ R! ‘ R? ‘ R3 X RS
Hyl H H H H,10 | OMe | OMe | OMe Hp15 | H
Hp2 | F F F F Hy11 | OMe | OMe | H H,16 | Ph
H,3 | H H H Hy12 | Me H H
Hpt | 1 H H H H,13 H H o i
H5 | Br H H H Hy14 OMe H i Methylation pattern@: :
Hi6 | H | oMe | H H i Xm, R® = CH3, R®= H, no R7/R? :
H7 | OMe | H H H i Xd, R® = R® = CH3, no R"/R® 5
8 | Me H H H ! [Xd], R® =H, R® = R® = CHg, no R i
Ho | H | ®Bu | B4 | H } [X]" RO =R7=R%=CHy R9=H :
2 | [Xtt?*, R8=R7 =R8=R=CH, ;

Figure 2. Library of porphyrins investigated. °Number X represents the free base porphyrin, Xm represent the 21-monomethylated species, Xd the 21,23-
dimethylated species, [Xd]" the 21H,23,24-dimethylated species, [Xt]* the 21,22,23-trimethylated species (salt) and [Xtt]2+ the 21,22,23,24-tetramethylated

species (salt).

The 5,10,15,20-tetraarylporphyrin precursors (As) Hz1l to Hy9
were synthesized via Alder-Longo or Lindsey condensation
reactions!" from the corresponding pyrroles and aldehydes in
stoichiometric amounts. The 5,15-diarylporphyrin precursors (Az)
H,10-H,14 were produced through condensation reactions
using dipyrromethane and the corresponding aldehyde. In order
to generate a library of N-methylated porphyrins and explore
their spectroscopic properties, the respective free base
porphyrins were converted into various N-substituted porphyrins
using mono- (Xm), di- (Xd, [Xd]) and trimethylation ([Xt]")
reactions.

N-Substituted 5,10,15,20-Tetraarylporphyrins

Synthesis. First, we.  prepared the known N-substituted
derivatives of 5,10,15,20-tetraphenylporphyrin  (H21). The
N?' N2 N?-trimethylated  porphyrin  [1t]" was obtained

quantitatively following an optimized procedure by Senge et al.
with a 10 fold excess of methyl trifluoromethanesulfonate in the
presence of potassium carbonate (condition a, Scheme 1).1'”
Treatment of porphyrin Hz1 with a stoichiometric amount of the
methylating agent in the absence of base (condition b) afforded
the N-monomethylated species 1m in 40% vyield, similar to
reports by Lavallee."**?! The use of condition b with 2 eq. of the
methylating agent (condition c) at increased temperature led to
both N?-mono- and N?’,N**-dimethylated compounds 1m and
1d in 45% and 50% yield, respectively. All attempts to achieve
N?' N?2 N? N?*_tetramethylation using various conditions and
different methylating agents, from methyl iodide (weakest) to

trimethyloxonium tetrafluoroborate
unsuccessful.

Similarly, methylation of H15 was investigated. N?'-mono-
(15m) and N?' N?-dimethylation ([15d]*) have been previously
reported,''®?" thus porphyrin H»15 was treated under condition b
to target the N*' N2 N®-trimethylated species. However, under
the conditions applied, the N?',N?-dimethylated salt [15d]" was
quantitatively obtained. As noted earlier, here dimethylation
occurred in the adjacent pyrrole units (N21 and N22).l' This
indicates a first fundamental difference in the reactivity of tetra-
meso- and octa-B-substituted porphyrins.

Following the initial studies, the effect of electron withdrawing
and donating groups in the meso-aryl substituents was
investigated. For example, methylation of compound H,2 did not
occur using conditions a or b on the bench. However, by
employing a microwave apparatus, the N?-monomethylated
porphyrin 2m was obtained in 2% yield. Attempts to optimize the
reaction including the use of a stronger methylating agent ([BF4]
[OMeg]) or excess of CF3SOsMe were unsuccessful due to the
strong deactivating effect of the EWG on the macrocycle. Thus,
H,3 with fewer EWGs, using condition b afforded the N?'-
monomethylated species 3m in 69% yield. Similar to compound
H.1, doubling the equivalence of the methylating agent resulted
in the formation of [3d]" in 40% yield.

However, due to the electron withdrawing chlorine atoms,
condition a gave the N?' N?2 N?- trimethylated salt [3t]* in 60%
yield as opposed to compound [1t]* which was obtained
quantitatively. Addition of further 10 eq. (20 eq. in total) of the

(strongest), were



methylating agent (condition d, Scheme 1) gave the desired
product [3t]" in a quantitative yield.

Conditions c:
CF3S0,0Me (2 eq.)

Conditions a:
CF3S0O,0Me (10 eq.)

Conditions b:
CF3S0O,0Me (1 eq.)

CHCK, 70 °C, 16 h CHClz, 1t, 16 h K,CO3 (Excess)
CHClg, 1t, 16 h
Optimization
Conditions e: Conditions d:

CF3S020Me (20 eq.)
Ko,COj3 (Excess)
CHCl, 1t, 16 h

CF3S020Me (1 eq.)
Acetic acid (5% v:v)
CHCl, 1t, 16 h

Scheme 1. Initial (a to c) approach and optimized conditions (d, e) toward the
methylation of planar porphyrins.

A similar behavior was observed for the N?’-monomethylation of
porphyrins H»4 and H,5 giving 28% and 24% of 4m and 5m,
respectively. In both cases, using two equivalents of methylating
agent did not induce the formation of the N?’,N**-dimethylated
species. The N?' N?2 N*-trimethylated forms were obtained for
both compounds under condition d affording 77% of [4t]" and
60% of [5t]". Clearly, the strength of the EWG plays an
important role in the efficiency of N?"-methylation. For the N?'-
monomethylation of porphyrins H,3 to H5, the yield decreased
from 69% to 19% going from chlorine to iodine. This diminution
is also observed for the N?',N? N?-trimethylation and can be
explained by the difference in Hammett values of iodine (o =
0.276) and chlorine (o = 0.227).”2 The exception to this is the
N?' N?2 N?_trimethylation of ‘compound H.4. Compound [4t]"
was obtained in a yield of 69% whereas [5t]" was afforded in
77% vyield; however, this was likely the result of purification
problems. Porphyrin H26 containing methoxy groups in the meta-
position of the aryl ring (o = 0.12) was treated under condition a
affording 65% .of the N*' N*? N**-trimethylated salt [6t]" and
under condition b yielding 19% of N*’-monomethylated
compound 6m.

Next, porphyrins H,7-H,9 containing electron donating groups
(EDG) were investigated. Treatment of H,7 under conditions a
yielded a mixture of both N2 N®-di- and N?' N?2N%-
trimethylated products 7d and [7t]" in yields of 7% and 73%,

respectively, while conditions d afforded [7t]" in quantitative yield.

Clearly, the presence of EDGs induces an electron rich
macrocycle enhancing the reactivity of the porphyrin core and
causing multiple N-substitution.
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A study by Cavaleiro et al. showed that the N?'-monomethylated
products have increased basicity in comparison to their free
base precursors due to the distortion induced by the N-
substitution.”® Consequently, the addition of a small amount of a
weak acid can prevent further methylation. With this in mind, the
addition of 5% (v:v) acetic acid (condition e, Scheme 1) allowed
to access compound 7m in a yield of 50%. Condition e was then
applied to porphyrins H28 and H,9 leading to 45% and 8% yield
for the N?’-monomethylated products 8m and 9m, respectively.
Condition d afforded the N?',N?2 N**-trimethylated salt [8t]" in
quantitative yield and [9t]" in 60% yield.

Spectroscopic Analysis. Next, spectroscopic analysis such as
UV-Vis and 'H NMR studies of the N-methylated porphyrins
were utilized to investigate the degree of distortion in the
porphyrin macrocycle. In UV-Vis measurements, a bathochromic
shift of the Soret band is usually observed for distorted
porphyrins compared to planar porphyrins.”! Similarly, a
chemical shift (upfield) is also noted for the inner protons ( or the
methyl units inserted) of the porphyrin core in the '"H NMR
spectrum upon the addition of methyl groups.?*

These trends are reflected in the compounds presented here. In
our earlier study on the N-alkylation of the highly nonplanar free
base H;16 (Soret Amax = 456 nm) we had shown that a
bathochromic shift of 20 nm is observed for the Soret band after
insertion of one methyl unit is (16m) and ultimately the Soret
band can be shiffed by 50 nm upon N-tetramethylation
([16tt]*")." The Soret band of compound H,1 appears at 419
nm highlighting the difference in distortion in both parent free
base compounds. N?'-Monomethylation (1m) results in a 14 nm
shift while the Soret band for [1t]" appears at 467 nm inducing a
bathochromic shift of 48 nm for the insertion of three methyl
units (Figure 3, see S.., Table S1). The N? N2 N*.
trimethylation [3t]" and [7t]" compared to porphyrins H,3 and
H,7 gave similar trends (Aas = 46 and Ags = 54 nm,
respectively). The larger shift in the tetraphenylporphyrin series
compared to that in dodecasubstituted nonplanar porphyrins is a
reflection that the latter become progressively more distorted.
However, the former results in a larger relative increase of
distortion.!"®

In all cases introduction of a second N-methyl unit results in
significantly more distinct spectral changes than introduction of
the first indicating significantly more distorted macrocycles (vide
infra). Introducing a third methyl group is accompanied by a
broadening of the absorption bands. Planar porphyrins typically
have a well-resolved vibronic structure in the Q-bands due to
their single vibrational mode. In comparison, distorted porphyrins
have multiple vibrational modes inducing a broadening of the
vibronic structure in the Q-bands.” Thus, core N-substituted
nonplanar porphyrins show overall a behavior similar to
peripherally substituted nonplanar porphyrins. Taking into
consideration the overall bathochromic shift for the free base
porphyrin to the N?’,N?2 NZ-trimethylated porphyrin, the shift
observed for H,1 is smaller than the one for compounds H,3 and
H.7. This trend shows that the electron density of the
macrocycle has an impact on the distortion with EDGs giving a
larger bathochromic shift following N-methylation.

However, looking into porphyrins [3d]" and 7d, the largest
bathochromic shift is seen for [3d]" (Aaws = 43 nm) which
contains EWG. This can be associated with N-methylation in
compound [3d]" happening on N21 and N22 and resulting in a
larger distortion than for compound 7d (Aas = 37 nm) where the
N-substituents are located on N21 and N23. The effect of the N-



methylation is strongly supported by the modification of the
molar extinction coefficients and the results are presented in the
Sl (Figure S2-S6).

Compound H,1 and N-methyl 1m, 1d, [1t]*
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Figure 3. Normalized UV-Vis spectra of compound H;1 (top), H.3 (middle) and
H,7 (bottom) and their N-methylated derivatives in CHCl3 (1% NEts).

Similar effects can be observed in the '"H NMR spectra of the N-
substituted compounds. The N-H chemical shifts observed for
the N?'-monomethyl product are observed at —=4.84 ppm (1m),
-4.88 ppm (3m), and —4.77 ppm (7m) (Table S2). The insertion
of a first methyl group induces a significant change in the
chemical shifts of the N-H groups, as the change observed
between H;1 and 1m is about 2.08 ppm. These differences are
mainly due to the distortion resulting in a displacement of the N-
H units outside of the aromatic ring current.’?®!

Looking further into the N?',N**-dimethylation it can be seen that
when symmetry is maintained, as in porphyrins 1d and 7d, the
methyl groups on N21 and N23 have the same chemical shift. In
contrast, with methylation of N21 and N22 (compound [3d]"), the
two methyl groups and the hydrogen proton display different
chemical shifts at -4.92 ppm (N21), -4.72 ppm (N22) and -2.93
ppm (N23).

The addition of a third methyl group in compounds 1d and 7d
causes the CHs signal of N21 and N23 to shift from -2.90 to -
3.07 ppm ([1t]") and from -2.87 ppm to -3.02 ppm ([7t]"). The
signal for the additional methyl group in position N22 appears at
-5.56 ppm ([1t]*) and -5.32 ppm ([7t]"). Upon addition of a third
methyl into the core of compound [3d]”, a shift from -4.92 ppm
to —3.13 ppm is observed for the methyl groups on N21 and N23
with the additional methyl unit (N22) being observed at -5.55
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ppm. UV-vis results are presented in the supporting information
(see S.1.)

N-Substituted 5,15-Diarylporphyrins

In parallel, the N-methylation of 5,15-diarylporphyrins was
studied. These 5,15-diarylporphyrins were chosen for their
different macrocycle conformation. In line with the 5,10,15,20-
tetraarylporphyrin, the distortion of their macrocycle is negligible,
however, they show an elongation of the ring system along the
5,15-axis. This results in a rectangular shaped macrocycle,
compared to the square shaped core usually seen for meso-
tetrasubstituted analogues.”*”

Initial attempts were made with compound H;10 and the N-
monomethylated product 10m was obtained in 46% using
condition e. Following this, trimethylation was attempted using
condition a; however, this gave the N?’,N?’-dimethylated product
[10d]" in 86% yield. Forcing the N?',N?2, N?-trimethylation using
condition a and microwave apparatus resulted in a mixture of
N? N2.di and N?',N? NZ-trimethylated species. Similarly,
compound H,11 gave [11d]" in 93% vyield under conditions a,
while [11t]" could not be obtained under conditions a or d at
higher temperature. Trials to monomethylate porphyrin Hz11
using condition e were unsuccessful, too, giving less than 1%
yield. Compound H;12 gave compound 12m in 9% yield under
condition e and compound [12d]* in 5% yield under condition a.
Using condition a at higher temperature or condition d failed to
yield  N?' N*? N**-trimethylation.  Finally, ~N-methylation of
compounds H213 and H,14 using condition e or condition a was
unsuccessful. With regard to the overall results of NMR studies,
N-methylation of the 5,15-porphyrins (Az-system) proceeds
differently from the meso-tetrasubstituted As-analogues. While
the latter leads to a N?',N*-dimethylation pattern, dimethylation
of the former occurs on neighboring pyrrole rings under
formation of monocationic salts, i.e. vyields N23/N24
dimethylated macrocycles. We surmise that this might be a
result of the core elongated macrocycle conformation in the
precursor free bases, but this will ultimately require detailed
theoretical calculations.
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§0.6 N21,N22-Dimethylated [10d]+
£
20.4
Qo
<
0.2
—_—
0
300 400 500 600 700 800
Wavelenght (nm)
Compound 12 and N-methyl 12m, [12d]+
1.2
1
’m:‘ Free base 12
%0,8 N21-Monomethylated 12m
Eo.e N21,N22-Dimethylated [12d]+
Qo
20.4
Qo
<
0.2
0 .
300 400 500 600 700 800 900

Wavelenght (nm)

Figure 4. Normalized UV-Vis spectra of compound H,10 (top) and H,12
(bottom) and their N-methylated derivatives in CHCl; (1% NEts).



The UV-Vis properties of the 5,15-disubstituted series are quite
similar to those of the 5,10,15,20-tetraarylsubstituted porphyrins.
Introduction of a first methyl in the core resulted in a shift of the
Soret band by 20 nm for each series of porphyrins indicating
core distortion (Table S1). Due to the increased distortion upon
introduction of a second methyl, compounds [10d]* and [12d]"
exhibited even larger shifts of the Soret band compared to the
free bases (Figure 4).

Intriguingly, introduction of a methyl unit in compound H,12 gave
porphyrin 12m which exhibited a surprising widely-separated
split Soret band which deviated from the common UV-Vis
pattern observed for the other porphyrins (Figure 4). Studies on
possible geometric isomers in solution by UV-Vis have been
reported by a few groups in the past,® and the present results
can be explained by the formation of two isomers, the anti-
(12m(a)) and the syn- (12m(b)) isomers (Figure S1). This was
confirmed through "*C NMR spectroscopy where the presence

Table 1. Selected structural parameters for N-substituted porphyrins.
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of two close signals (A = 0.04 ppm) for carbon on N21 correlates
with the hypothesis of a geometrical isomerization (S.l., Figure
S57; for a discussion of the UV/vis data see S.I.).

X-ray Crystallographic Structural studies

Conformational distortion of porphyrins is crucially related to
their biological function.l'” However, most previous structural
studies focused on systems with peripheral steric strain (highly
substituted porphyrins) while only a few crystallographic reports
have addressed metal-free N-substituted porphyrins. During the
course of this project, we were able to obtain structures for five
new macrocycle types (1m, 1d, 7m, [7t]%, and [10d]*) and use
these in conjunction with published structures!?®30:31:32:33:34.35
(see Table 1) for the first comprehensive analysis of the
structural properties of N-substituted porphyrins.

129 im_1 im_2 1d_1 1d 2 [1t]"F 781 7m 71"

Pyrrole tilt (°)
N21 6.545(7) 30.9(10) 28.4(10)  43.3(3) 43.1(3) 38.2(1) 2.7(1) 35.7(2)  42.1(15)
N22 1.518(18) 7.5(10) 8.2(10) 28.9(3) 24.2(1)  30.4(11) 2.8(1) 11.9(8)  30.2(16)
N23 6.545(7) 1.5(10) 6.1(10) 48.9(5) 38.4(3)  39.7(16) 2.7(1) 10.0(4)  47.9(15)
N24 1.518(18) 11.8(9) 9.1(10) 30.6(14) 24.5(18) 18.2(12) 2.8(1) 7.3(5) 22.3(9)
Structural parameters (A)
AN21° -0.158 -0.427 0.422 0.247 -0.308 -0.307 -0.023 0.418 -0.308
AN22° 0.012 -0.083 0.020 0.035 0.002 0.183 -0.030 0.070 0.109
AN23° 0.158 0.227 -0.063 0.300 -0.260 -0.328 0.023 -0.130 -0.361
AN24° -0.012 0.024 -0.031 -0.013 -0.001 -0.066 0.030 0.136 -0.060
AN? 0.085 0.190 0.134 0.149 0.143 0.221 0.027 0.189 0.210
n24’ 0.068 0.299 0.256 0.711 0.608 0.570 0.048 0.366 0.645
AC,Y 0.023 0.062 0.075 0.037 0.048 0.076 0.069 0.127 0.050
AC 0.034 0.134 0.095 0.333 0.273 0.232 0.026 0.177 0.280
AC, 0.063 0.431 0.368 1.171 0.999 0.933 0.031 0.540 1.057
oY 0.199 0.161 0.232 0.588 0.315 0.152 0.200 0.283 0.407
Doop” 0.261 1.388 1.161 3.372 2.857 2.644 0.220 1.705 3.041
Tables 2. continued.

5mt2 1682 164" 16t 1" 16t 2" 16t 1584 15d%° [10d]*
Pyrrole tilt (°)
N21 27.2(5) 34.3(11) 52.1(2) 46.7(16) 47.7(2)  46.6(12) 2.2(4) 31.2(8) 30.4(1)
N22 10.8(18)  27.0(11) 32.7(7) 41.3(17) 39.3(3)  45.0(15) 1.1(3) 25.4(6) 31.0(1)
N23 7.7(13) 29.1(11) 52.6(4) 52.0(17) 47.7(2)  44.3(13) 2.2(4) 7.1(19) 6.7(1)
N24 11.3(18)  31.7(10) 36.3(4) 36.3(15) 35.3(3)  43.8(13) 1.1(3) 8.7(16) 0.6(1)
Structural parameters (A)
AN21° -0.399 -0.028 0.239 -0.217 -0.235 0.200 -0.040 -0.363 -0.390
AN22° 0.073 0.111 0.164 0.102 0.099 -0.179 0.015 0.260 0.381
AN23° 0.059 -0.107 0.254 -0.242 -0.235 0.177 0.040 0.111 0.212
AN24Y 0.001 0.038 0.036 0.030 0.010 -0.176 -0.015 -0.133 -0.256
AN® 0.133 0.066 0.173 0.148 0.145 0.183 0.028 0.217 0.310
n24' 0.266 0.712 0.831 0.820 0.795 0.810 0.026 0.362 0.364
AC,Y 0.182 0.036 0.038 0.024 0.026 0.030 0.021 0.099 0.119
AC,” 0.110 0.421 0.414 0.395 0.382 0.373 0.012 0.144 0.150
AC, 0.361 1.156 1.367 1.357 1.316 1.345 0.026 0.543 0.502
N 0.246 0.515 0.856 0.722 0.612 0.636 0.228 0.313 0.608
Doop” 1.209 3.460 3.973 3.886 3.765 3.814 0.110 1.683 1.695

[a] Calculated deviation of N21 from the 24-atom mean plane. [b] Calculated deviation of N22 from the 24-atom mean plane. [c] Calculated deviation of N23 from the 24-atom mean plane.
[d] Calculated deviation of N24 from the 24-atom mean plane. [e] Simulated displacement of the four internal nitrogen atoms from the 24-atom mean plane. [f] Average deviation from the

least-squares plane of the 24-macrocycle atoms. [g] Average deviation of the meso-carbon atoms from the 24-atom mean plane. [h] Average deviation of the a-carbon atoms from the 24-
atom mean plane. [i] Average deviation of the 3-carbon atoms from the 24-atom mean plane. [j] Simulated total in-plane distortion. [k] Simulated total out-of-plane distortion.
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Figure 5. Views of molecular structures in the crystals: 5,10,15,20-tetraphenylporphyrin (1),%® N*’-monomethyl-5,10,15,20-tetraphenylporphyrin (1m), N°",N?-
dimethyl-5,10,15,20-tetraphenylporphyrin (1d), N*',N? N®-trimethyl-5,10,15,20-tetraphenylporphyrin ([1t]").*” X-rays structure images (top and side-on) are
shown with hydrogen atoms, minor disorder, and solvent molecules omitted for clarity. Structure 1m and 1d have been drawn with thermal ellipsoids indicating

50% probability. The structure of H,1 and [1t]" have been drawn isotropically.

Two new structures of N-methyl substituted [N-mono (1m) and
N?' N®.di (1d)] were determined. Several trends can be seen
when comparing these against the reference compound
5,10,15,20-tetraphenylporphyrin Hz1 and N?' N? N*-trimethyl-
5,10,15,20-tetraphenylporphyrin [1t]* (Figure 5).2°*% Inspection
of the average deviation of the 24 macrocycle atoms from their
least-squares-plane (A24) reveals an interesting trend for the
overall macrocycle distortion as a result of N-methylation. The
first insertion shows a large increase in the A24 from H,1 to 1m.
When a second methyl group is inserted (1m to 1d), a larger
increase in A24 is observed due to the crowding in the porphyrin
core. When the third methyl group is inserted into the porphyrin
core ([1t]"), a moderate decrease in the A24 (1d to [1t]*)is
noted. This is due to the fact that the third methyl group is
positioned on the other face of the macrocycle counteracting the
steric effect of the other two thus decreasing the overall 24-atom
ring strain applied by core substitutions. These trends are
mirrored by the displacements of the a and 8 pyrrole atoms (C,
and Cy), while the meso carbons (C,) appear to follow the trend
of Hpal<ld<1m<[1t]".

This is also represented in the normal-structural coordinate
decomposition (NSD)*® (Figure 6), where the out-of-plane
distortion of H,1 favors the Egy(y) wave distortion mode with a
second largest, albeit small, contribution to the Eg(x) wave
distortion mode. However, upon insertion of one methyl group
(Im), a large preference for the By, distortion mode with the
second largest contribution to the Eg(x) wave distortion mode is
observed. For 1d, a much larger contribution to the By, saddle
distortion mode is observed in comparison to 1m with the
second largest contribution now present in the Ay, propeller
distortion mode. Macrocycle [1t]" shows a similar contribution to
the By, saddle distortion mode with the second largest
contribution now present in the Ay, propeller distortion mode
similar to 1d, with only a marginal decrease in values. This trend
is extended to the overall out-of-plane distortion (Doop) With the
contributions as  follows: Hpl<ilm<[1t]'<ld, which is
representative of the A24 (Table 1).

Looking at the global distortion above, an increase in the core
substitution ["*'® is clearly a convenient and suitable method to
achieve nonplanarity in previously planar porphyrin macrocycles.
However, increasing from two to three inner N-substituents only

results in moderate additional distortion and can be considered
to be almost equal in nonplanarity. Interestingly, localized
distortion on specific pyrrole units is also observed in these
systems. This can be illustrated by inspection of pyrrole tilt
angles and the deviation from the 24-atom mean plane of
internal  nitrogen atoms (N21-N24) (see Table 1):
Hol<im<[1t]"<1d.
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Figure 6. Normal structural decomposition (NSD) analysis of the X-ray
crystallographic structures of 1, 1m, 1d and [1t]".

However, assessing the specific impact this has on the
individual pyrrole rings, the largest deviation of core nitrogen
atoms from the 24-atom plane is found for N21 of 1m, being
much larger than its counterparts, 1d and [1t]*. This suggests
that the localized deviations of an N21 atom in the N-
monomethylated porphyrin have a larger impact than that of
higher substitutions due to the predominantly planar macrocycle.
Conversely, the more completely a macrocycle is distorted, the
lower the AN is observed as is the case for 1d. This suggests
that there is a correlation between the number of internal core
substituents and nitrogen atom deviation but taking into account
the above mentioned ‘counteracting’ effect of a third N-Me unit.

As previously indicated, nonplanar porphyrins have been implicit
in small molecule binding."*" This is due to the tilt of the
pyrrole rings out of the porphyrin plane, allowing for the central
imine and amine motifs of the porphyrin ring to partake in
hydrogen binding with small molecules. This effect is also seen
with N-substituted porphyrins, namely in the structure of 1d
(Figure 7). The asymmetric unit of this structure contains core
bound water molecules which are interacting with the imine
pyrrole units in a hydrogen bonding fashion. The D-H---X



distances and angles are listed as follows; N22_1---H2SA-02S
[2.006 (1) A, 148.7(1)°], N24_1---H2SB-02S [2.114 (1) A, 144.0
(1)°], N22_2---H1SA-01S [2.002 (1) A, 1385 (1)°], and
N24_2---H1SA-01S [1.831 (1) A, 168.0 (1)°]. This suggests that
N-substituted porphyrins have a sizable capacity to bind small
molecules in the porphyrin core.

Figure 7. View of the molecular structure of Nz’,Nza—dimethyI—5,10,15,20—
tetraphenylporphyrin (1d) showing a solvent water molecule interacting with
the porphyrin core. Structures of 1d are drawn with thermal ellipsoids
indicating 50% probability.

In the case of 5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin
(H27), two new N-methyl substituted structures containing the
N?-mono- and N?',N?> N®*-trimethylated-5,10,15,20-tetrakis(p-
methoxyphenyl)porphyrin macrocycle were obtained (Figure 8).

H,7

e

Figure 8. Side views of the molecular structures in the crystal of 5,10,15,20-
tetrakis(p-methoxyphenyl)porphyrin ~ (H,7),%"  N?-monomethyl-5,10,15,20-
tetrakis(p-methoxyphenyl)porphyrin (7m) and N7, N22,N23-trimethy-5,10,15,20-
tetrakis(p-methoxyphenyl)porphyrin - trifluoromethanesulfonate salt  ([7t]").
Hydrogen atoms, minor disorder, and solvent molecules were omitted for
clarity. Structures of 7m and [7t]" are drawn with thermal ellipsoids indicating
50% probability. The structure of H,7 has been drawn isotropically.
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While looking at the global distortion (A24), a similar trend was
observed as for the 5,10,15,20-tetraphenylporphyrin series
discussed above, Compound H,7 shows the smallest deviation,
followed by 7m and [7t]" showing the largest. This
H,7<7m<[7t]" trend is followed by the C, and C, deviations.
However, for the Cr,, 7m exhibits the largest deviation from the
24-atom plane with [7t]" showing deviations much more similar
to that of porphyrin H,7. Deviations of the nitrogen atoms from
the 24-atom mean plane gave similar results. Compound 7m
shows a much larger AN21 then [7t]*. This suggests that this
trend is generally applicable to N-substituted porphyrins.

Using NSD analysis (S.l., Figure S62), the structure of H,7
shows largest contributions from the Eg(x) wave distortion mode
with a smaller contribution seen in the Eg(y) wave distortion
mode. As with the TPP series, insertion of one methyl group to
the core nitrogen atom (7m) results in a shift of the distortion
mode to the By, sad type with the second largest presence in the
Eq(y) wave distortion mode. Similarly, a large increase is
observed for the By, saddle distortion mode when three methyl
groups occupy the core nitrogen atoms ([7t]*) with the second
largest contribution form the A,, domed distortion mode. There
is a clear increase in the out-of-plane distortion: H,7<7m<[7t]",
which is similar to that seen in the TPP series.

The inclusion of electron donating and withdrawing groups to the
porphyrin macrocycle is well known to affect the electronics of
the porphyrin core and thus the ability of the porphyrin core
nitrogen atoms to undergo substitution as previously stated.
However, how the inclusion of EWG’s and EDG’s affect the
conformation of N-substituted porphyrins has been less
established due to the relative scarcity of structural examples in
the literature.®” Here, we determined the structure of 7m (see
S.I., Figures S63) and the structure of 5m is available in the
literature.*

As before, looking at the overall distortion of the porphyrin
macrocycle, the strong electron-rich porphyrin 7m shows the
largest contribution to AN, A24, AC,, ACy, Ajp, and Agep. In fact,
the only area in which an EWG porphyrin 5m shows a larger
contribution is for the AC,,. This indicates that the distortion
present in N-substituted is partially dependent on the type of
substitutions, with EDG’s causing generally higher degrees of
nonplanarity than EWG’s. However, within this group of
porphyrins, it should be noted that while the stronger EDG
appears to have a higher impact on the global distortion of the
porphyrin macrocycle, the actual highest degree of distortion
associated with the local pyrrole ring is found for porphyrin 1m
with AN21, AN22, and AN23 being marginally larger than the
more EDG of porphyrin 7m. The reverse of this effect is seen in
the pyrrole tilt angles, in which compound 7m shows the largest
tilts for N21, N22, and N23 and the smallest tilt angle for N24.
The largest N24 tilt angle is featured by porphyrin 1m.
Compound 5m seems to generally lie in the middle for the
pyrrole tilt angles of N22, N23, and N24, while it exhibits by far
the smallest pyrrole tilt around N21.

From the NSD (S.l., Figure S64), it can be seen that compound
7m shows the largest contribution to the By, distortion mode with
its second largest contribution to the Eg4(y) distortion mode.
Compound 1m shows the second largest contribution to the By,
distortion mode, however, it appears to favor the E4(x) distortion
mode for its second largest contribution. The structure of 5m
shows the smallest contribution to the By, distortion mode of the
three structures discussed in this section. Additionally, 5m
appears to favor the By, distortion mode for the second largest
contribution closely followed by the E4(x) distortion mode.



As this paper deals with a discussion on the synthesis and
structural effect of N-substituted porphyrins, it felt prudent to
include the literature examples of highly B-substituted N-
substituted porphyrins. With this in mind, the previously
published structures of 2,3,7,8,12,13,17,18-octaethyl-
5,10,15,20-tetraphenyl N-substituted porphyrins were
investigated in detail (S.1., Figure $65).'%1633

This series presents an interesting example of the effects of N-
substitution on highly substituted porphyrins. It is seen clearly
from both the A24 (Table 1) and the NSD (Figure 9), that there is
little to no difference in the degree of nonplanarity as a result of
N-substitution. The largest atom displacement appears to
correspond to compound 16d bearing the deviations of AN22
and AN24 which are centered on [16tt]** due to the additional
methyl units attached to these nitrogen atoms. The free base
porphyrin H216 has the smallest displacement of atoms from the
24-atom macrocycle plane except, interestingly enough, in the
AC, and AC,. This trend is represented by the largest
contribution of all compounds found in the By, distortion mode
(16d>[16t]">[16tt]**>H;16). The second largest contributions
are located in the A, distortion mode for 16d>[16t]*>[16tt]*".
However, H,16 appears to have a preference for Eg(x) distortion
mode. This indicates that when working with highly substituted
porphyrins N-substitution appears to result in only minimal
additional increases in the overall distortion.!"
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Figure 9. Normal structural decomposition (NSD) analysis of the X-ray
crystallographic structures of H,16, 16d, [16t]" and [16tt]*".

From the previous observations, OETPP H,16 and the N?' N%-
dimethylated TPP 1d were compared (S.I., Figure S66) as they
display similar behaviors. Looking back to the UV-vis results, it
was noted that the shift of the Soret band is correlated to the
distortion of the macrocycle. Here, compounds H16 (456 nm)
and 1d (459 nm) present similar Soret bands (S.l., Table S4).
This indicates that the distortion between these two porphyrins is
comparable which is confirmed by the X-ray crystallographic
studies as the overall distortion from the 24-atom mean plane
are almost identical (Table 1).

The final case concerns the literature samples of planar
2,3,7,8,12,12,17,18-octaethylporphyrin ~ (H.OEP,  H,15)P4
compared to the N?" N?’-dimethylated-OEP ([15d]") (Figure 9.
This case is notable as it contains the only N?',N*%-disubstituted
crystal structure in the literature. Introduction of two methyl
groups to the core nitrogen atoms of porphyrin Hz15 results in a
stark change from the planar free base parent molecule to the
N?' N?. disubstituted analog [15d]". Across the board, there is a
large increase in the deviation of atoms from the 24-atom mean
plane and also the pyrrole tilt angles (Table 1). In this case,
there is a general decrease in C,—Cr, Co—Cyp, and Cy—C;, bond
lengths and increase in the N—C, bond length (Table S7). This is
coupled with a decrease in the C,—N—C, and N—C.—C,, bond
angles and an increase in the C,—C,—C, and Cy—C,—C, bond

WILEY-VCH

angles. These changes in the ring structure drive the out-of-
plane distortion from favoring the E4(x) distortion mode to highly
favoring the By, distortion mode making the whole structure
become mode saddled in shape as seen in the NSD (S.I., Figure
S67).

H;15 [15d]*

Figure 10. Views of the molecular structure of 2,3,7,8,12,13,17,18-
octaethylporphyrin  (H,15)*? and 2,3,7,8,12,13,17,18-octaethyl-N*'-hydro-
N2 N®-dimethylporphyrin trifluoromethanesulfonate salt ([15d]).”* Hydrogen
atoms, minor disorder, and solvent molecules were omitted for clarity.
Structures have been drawn isotropically.

The structure of [10d]" presents the only other example of a
porphyrin crystal structure showing a N?' N?%-substitution pattern
(Figure 11). The effects of this substitution cannot be
ascertained as no crystal structure is available for compound
H,10. However, we can see a general increase in distortion of
the N23, N24 half of the porphyrin macrocycle with the N21, N22
part being relatively planar. This is also clearly represented by
the fact that the meso substituent is much more in plane on the
N21, N22 side (5-position) of the porphyrin macrocycle than the
N23, N24 side (15-position) which is logical due to the
aforementioned increase in distortion.

[10d]*

Figure 11. Views of the molecular structure of N?’-hydro-N? N?*-dimethyl-
5,15-bis(3,4,5-trimethoxyphenyl)porphyrin  trifluoromethanesulfonate  salt
([10d]") showing top and side views. Hydrogen atoms, minor disorder, and
counter-ion were omitted for clarity. Structures have been drawn isotropically.

Conclusions



Methylation of the inner nitrogen atoms of free base porphyrins
is an easy and facile method to induce a considerable distortion
in the macrocycle. A library of N-methylated porphyrins with
various aryl substituents was successfully synthesized utilizing
different, optimized alkylation conditions. This allows the tailored
synthesis of N-methylated porphyrins bearing one to three
methyl units in the porphyrin core. The efficiency and the
regioselectivity of the methylation are correlated to the
peripheral substitution pattern. Additionally, the electron
donating properties of substitutes tend to enhance the reactivity,
while electron withdrawing groups lower the efficiency of the
methylation reaction.

N-methylated porphyrins have very characteristic spectroscopic
profiles in both NMR and UV-vis spectroscopy where the
chemical and bathochromic shifts correlate with the structural
conformation. These aspects have also been confirmed by
single crystal X-ray analyses where the trends and changes
observed in spectroscopic studies are reflected in associated
structural changes. Comparison of the new and literature crystal
structures of the planar free base and nonplanar N-substituted
porphyrins revealed that, from a structural point of view, N-
methylation of planar porphyrins results in significant structural
changes and macrocycle distortion.

NSD was successfully applied to all structures and used to
determine the distortion modes in porphyrin structures with
increasing number of N-substitution. In planar structures, there
is a clear increase seen in the Do, distortion modes with the
N?' N?2%_disubstitutions showing the largest contributions.
However, when working with nonplanar porphyrins, this trend is
less evident. As seen in the Dqop distortion modes, only a minor
increase to non-planarity is noted. To conclude, N-substitution of
porphyrins provides a fast and reliable method to achieved
nonplanarity with degrees of distortion analogous to that of
highly peripheral substituted porphyrins.

Experimental Section

General conditions: Details are given in the Sl or were as reported
earlier.® Compounds H,1- H,15 were synthesized using condensation
reactions.!" Compounds 3m, [3d]* and 7m were prepared as detailed in
the literature.!"! Compounds 1m, 1d and [1t]* were prepared as reported
earlier.'

N?! N?2 NZ-Trimethyl-5,10,15,20-tetrakis (p-chlorophenyl)porphyrin

trifluoromethanesulfonate salt [3t][CF3SOg]: In a 250 mL three-necked
round-bottomed flask, 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin H,3
(100 mg, 0.1333 mmol) and K,CO3 (1.4 g excess) were dissolved in 50
mL of CH,Cl,. The solution was heated to reflux, and CF3;SO,OMe (0.291
mL, 2.66 mmol, 20 eq.) was added. After being heat to reflux for 16 h, the
mixture was cooled to room temperature and K,CO3 was removed by
filtration. The solvent was evaporated under reduce pressure and the
product was subjected to column chromatography (SiO,; CH,Cl,:EtOAc =
10:0-9:1, v:v) with the first fraction (purple) giving starting material and
the second fraction (green) affording the desired compound. After the
evaporation of solvent in vacuo, a green powder of the title compound
was obtained (100 mg, 0.0321 mmol, 95%). M.p. = 280-285 °C; R; =
0.21 (SiO,, CHyClx:EtOAc = 1:1, v2v); 'H NMR (400 MHz, CDCls, 25 °C):
6 =-3.13 (s, 6H, N-CHs), -5.55 (s, 3H, N-CHs), 7.24 (m, 2H, Hpg), 7.46 (d,
J=4.6 Hz, 2H, Hg.), 7.95 (d, J = 7.6 Hz, 4H, Hary), 8.02 (d, J = 7.6 Hz, 4H,
Hary), 8.21 (s, 2H, Hpg), 8.43 (s, 2H, Hpg), 8.52 (broad s, 4H, Hay), 8.71
ppm (broad s, 4H, Hary); *C NMR (400 MHz, CDCls, 25 °C): & = 139.95,
138.86, 138.27, 137.97, 137.41, 134.17, 130.82, 130.78, 129.85, 129.81,
128.76, 123.87, 121.11, 121.06, 120.11, 120.07, 119.48, 31.31, 29.85
ppm; UV-Vis (CHCIs): Amax (log €) = 376 (4.70), 469 (5.42), 714 nm (4.69);
IR (ATR): 7 = 2955, 1583, 1449, 1395, 1259, 1220, 1148, 1089, 1027,
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1009, 955, 894, 821, 797, 719, 702, 658, 635, 569 cm™'; HRMS (MALDI)
m/z calcd. for C47H33N4Cly (M*): 793.1459, found 793.1459.

N?!-Methyl-5,10,15,20-tetrakis(p-iodophenyl)porphyrin (4m):
5,10,15,20-Tetrakis(p-iodophenyl)porphyrin Hz4 (25 mg, 0.0235 mmol)
was dissolved in 25 mL of CH.Cl, with 5% acetic acid (v/v), then
CF3S0O,0OMe (0.0026 mL, 0.0235 mmol, 1 eq.) was added. After the
solution was heated to reflux for 16 h, the mixture was cooled to room
temperature and washed with a 1M ammonia solution. The unreacted
starting material (first fraction) was removed on a column
chromatography eluting with a solution of CH,Cl,/EtOAc (7:3). The
second fraction was obtained using EtOAc. After evaporation of the
solvent in vacuo a purple solid of 4m was obtained (7 mg, 0.0065 mmol,
28%). M.p. >350 °C; R; = 0.83 (SiO,, CH3Cl::MeOH = 9:1, v:v); 'H NMR
(400 MHz, CDCl3, 25 °C): 6 = -4.81 (s, 3H, N-CHj), 7.84 (s, 2H, Hg), 8.00
(d, J =6.1 Hz, 2H, Hary), 8.19 — 8.22 (m, 6H, Hary) 8.24 (d, J = 7.7 Hz, 2H,
Hary), 8.31 (d, J = 6.3 Hz, 4H, Hayy), 8.48 (s, 2H, Hg), 8.51 (d, J = 4.6 Hz,
2H, Hp), 8.62(s, 2H, Hay), 8.63 ppm (d, J = 4.7 Hz, 2H, Hp); *C NMR
(400 MHz, CDCl3, 25 °C): 6 = 154.19, 149.76, 140.52, 139.98, 138.89,
138.34, 136.60, 136.51, 136.12, 135.95, 135.25, 127.54, 123.48, 121.79,
97.23, 95.86, 29.16 ppm; UV-Vis (CHCI3): Amax (log €) = 439 (5.43), 537
(3.98), 579 (4.20), 615 (3.79), 679 nm (3.74); HRMS (MALDI) m/z calcd.
for C49H40N4|4 [M+H]+Z 11328544, found 1132.8571.
N#,N? NZ-Trimethyl-5,10,15,20-tetrakis (p-iodophenyl)porphyrin
trifluoromethanesulfonate salt [4t][CF3SOs): 5,10,15,20-Tetrakis(p-
iodophenyl)porphyrin Hx4 (25 mg, 0.0235 mmol) was dissolved in 15 mL
of CH,Cl,. Then K,CO3 (1.4 g excess) was added and the mixture was
stirred for 5 min, followed by addition of CF3SO,OMe (0.051 mL, 0.47
mmol, 20 eq.). After the solution was heated to reflux for 16 h, the
mixture was cooled to room temperature and K,CO3; was removed by
filtration. The solvent was evaporated under reduced pressure and the
product was purified by column chromatography (SiO,; CH.Cl:EtOAC =
10:0-9:1, v:v) yielding, after evaporation of the solvent gave a green solid
of the title compound (20 mg, 0.0172 mmol, 73%). M.p. >300 °C; Ry =
0,70 (Si02, CH,Cl;:MeOH = 9:1, v:v); '"H NMR (400 MHz, CDCls, 25 °C):
= -5.67 (s, 3H, N-CHs), -3.19 (s, 6H, N-CHs), 7.24 (d, J = 4.5 Hz, 2H,
Hpg), 7.47 (d, J = 4.6 Hz, 2H, Hg), 8.12 (broad s, 2H, Hay), 8.21 (s, 2H, Hp),
8.21 — 8.27 (broad s overlaping with singlet at 8.21, 2H, Hay), 8.32 (d, J
= 8.1 Hz, 4H, Hary), 8.40 (d, J = 7.4 Hz, 4H, Hary), 8.43 ppm (s, 2H, Hary);
3C NMR (400 MHz, CDCI3, 25 °C): 5 = 160.05, 157.40, 155.43, 151.20,
139.77, 139.45, 138.84, 138.73, 137.62, 134.41, 131.41, 123.55, 121.05,
120.15, 119.62, 99.08, 98.03, 30.79, 29.78 ppm; UV-Vis
(CHCI3/1%NEts): Amax (log €) = 342 (4.20), 444 (4.98), 629 nm (4.20); IR
(ATR): 7 = 2922, 1575, 1450, 1388, 1257, 1159, 1028, 1002, 893, 813,
717, 636, 571 cm'1; HRMS (MALDI) m/z calcd. for CsiHssNgls [M]+:
1160.8854, found 1160.8884.

N?*-Methyl-5,10,15,20-tetrakis(p-bromophenyl)porphyrin  5m: Free
base porphyrin H,5 (100 mg, 0.108 mmol) was dissolved in 100 mL of
CH,Cl,. The mixture was stirred for 5 min then CF3;SO,OMe (0.0118 mL,
0.108 mmol, 1 eq.) was added. After the solution was heated to reflux for
16 h, the mixture was cooled to room temperature and washed with 1M
ammonia solution. The unreacted starting material (first fraction) was
removed using a column chromatography eluting with a solution of
CHCI,/EtOAc (7:3). The second fraction, containing the desired
compound was obtained using EtOAc. After evaporation of the solvent in
vacuo a purple solid was obtained (25 mg, 0.02647 mmol, 24%). .M.p.
>300 °C; R; = 0.57 (SiO,, CH,Cl;:MeOH = 9:1, v:v); 'H NMR (600 MHz,
CDCls, 25 °C): 6 = -3.01 (s, 3H, N-CHs), 7.72 (s, 2H, Hp), 7.80 — 7.82 (m,
3H Hary), 7.84 (d, J = 7.3 Hz, 2H, Hp), 7.88-7.90 (m, 5H, Hary), 8.05 (d, J
= 4.5 Hz, 2H, Hg), 8.10 (s, 2H, Hp), 8.30 (d, J = 4.6 Hz, 2H, Hary), 8.33 (s,
2H, Hary), 8.38 ppm (d, J = 7.1 Hz, 4H, Hary); *C NMR (600 MHz, CDCls,
25 °C): 0 = 145.80, 140.65, 140.20, 137.61, 136.93, 135.92, 131.99,
131.45, 129.12, 128.68, 128.43, 127.95, 127.44, 101.13, 29.85 ppm; UV-
Vis (CHCI3): Amax (log €) = 363 (4.34), 469 (5.04), 605 (3.94), 645 (4.01),
746 nm (4.11); IR (ATR): v = 1440, 1141, 1076, 1015, 967, 792, 757, 721,
698 cm™'; HRMS (MALDI) m/z calcd. for CasHasN4Brs [MTH']: 940,9092,
found 940.9120.



N N?2 NZ-Trimethyl-5,10,15,20-tetrakis(p-bromophenyl)porphyrin
trifluoromethanesulfonate salt [5t][CF3SO3]: Porphyrin Hy5 (150 mg,
0.160 mmol) were dissolved in 50 mL of CH,Cl,. Then K,CO3 (1.4 g
excess) was added and the mixture was stirred for 5 min, followed by
addition of CF3SO3;Me (0.350 mL, 3.2 mmol, 20 eq.). After the solution
was heated to reflux for 16 h, the mixture was cooled to room
temperature and K,CO; was removed by filtration. The solvent was
evaporated under reduce pressure and the product was purified by
column chromatography (SiO,; CH,Cl:EtOAc = 10:0-9:1, v:v) yielding,
after evaporation of the solvent a green solid of the salt (110.7 mg, 0.114
mmol, 71%). M.p. >300 °C; Ry = 0.65 (SiO,, CH,Cl::MeOH = 9:1, v:v); H
NMR (600 MHz, CDCls, 25 °C): 6 = -5.62 (s, 3H, N-CHj), -3.16 (s, 6H, N-
CHs), 7.21 (d, J = 4.7 Hz, 2H, Hp), 7.25 (s, 2H, Hg), 7.42 (d, J = 4.6 Hz,
2H, Hg), 7.64 (s, 1H, pyridine peak), 8.07 (d, J = 7.8 Hz, 4H, Hary), 8.14 (d,
J = 8.1 Hz, 4H, Hary), 8.18 (s, 2H, Hg), 8.39 (s, 2H, Hary), 8.44 (broad s,
2H, Hary), 8.59 (s, 2H, Hay) 8.62 ppm (broad s, 2H, Hary), *C NMR (600
MHz, CDCl3, 25 °C): = 159.80, 157.25, 155.54, 151.47, 149.77, 139.99,
139.53, 139.14, 138.22, 135.72, 134.12, 132.60, 131.54, 130.81, 126.74,
125.80, 123.70, 123.47, 120.88, 120.01, 119.29, 31.08, 29.68. ppm; UV-
Vis (CHCI3/1%NEts): Amax (log €) = 378 (4.12), 471 (4.91), 690 (4.13), 715
nm (4.15); IR (ATR): 7 = 1577, 1432, 1258, 1149, 1067, 1059, 1004, 816,
717, 702, 636, 569 cm™': HRMS (MALDI) m/z calcd. for C47H33N4Brs M]*:
768.9484, found 768.9439.

N?-Methyl-5,10,15,20-tetrakis(m-methoxyphenyl)porphyrin 6m:
Porphyrin H26 (100 mg, 0.136 mmol) was dissolved in 100 mL of CH,Cl,.
The mixture was stirred for 5 min then CF3;SO;Me (0.0095 mL, 0.136
mmol, 1 eq.) was added. After the solution was heated to reflux for 16 h,
the mixture was cooled to room temperature and washed with 1M
ammonia solution. The unreacted starting material was removed on a
column with a solution of CH,CIl,/EtOAc (7:3) and the desired compound
was extracted from a column with EtOAc. The solvent was evaporated
under reduced pressure and the product was purified by column
chromatography (SiO,; CH,Cl:EtOAc = 10:0-9:1, v:v) yielding, after
evaporation of the solvent, a purple solid of compound 6m (20.6 mg,
0.02758 mmol, 19%). M.p. = 177-183 °C; Rr = 0.72 (SiO,, CH,Cl,:MeOH
= 9:1, v:v); "H NMR (400 MHz, CDCls, 25 °C): & = -4.07 (s, 3H, N-CHs),
4.03 (d, J = 5.4 Hz, 6H, OCH3), 4.09 (s, 6H, OCH3), 7.28 (s overlapping
CHCls, 2H, Hpg), 7.34 (d, 2H, J = 8.6 Hz, Hay), 7.36 (d, 2H, J = 8.6 Hz,
Hary), 7.54 (s, 2H, Hp), 7.67 (dd, J = 16.7, 8.5 Hz, 2H, Hay), 7.74 (s, 2H,
Hari), 7.77 (s, 1H, Hary), 7.80 (d, J = 7.0 Hz, 1H, Hary), 7.88 — 7.83 (m, 2H,
Hary), 7.93 (s, 1H, Haryi), 8.08 (s, 1H, Hary), 8.52 (d, J = 4.2 Hz, 2H, Hary),
8.52 (d, J = 4.2 Hz, 2H, Hg), 8.69 (d, J = 2.5 Hz, 2H, Hay), 8.88 ppm (d, J
= 4.1 Hz, 2H, Hg); "*C NMR (151 MHz, CDCI3) 5 158.43, 158.08, 156.77,
153.54, 152.26, 143.90, 143.57, 139.21, 133.82, 132.55, 130.64, 128.56,
128.24, 127.87, 127.57, 127.17, 125.48, 123.26, 121.27, 120.07, 119.37,
118.27, 113.66, 113.44, 113.31, 55.71, 55.54, 29.72 ppm; UV-Vis
(CHCI3): Amax (log €) = 436 (5.35), 533 (4.11), 575 (4.21), 619 (4.05), 676
nm (4.04); IR (ATR): 7 = 1572, 1421, 1283, 1163, 1041, 905, 73, 697 cm’
" HRMS (MALDI) m/z calcd. for CsoHsoN4O4 [M*H]": 749.3128, found
749.3145.

N N2 NZ-Trimethyl-5,10,15,20-tetrakis(m-

methoxyphenyl)porphyrin trifluoromethanesulfonate salt
[6t][CF3SO3]: Free base Hy6 (100 mg, 0.136 mmol) was dissolved in 50
mL of CH,Cl,. Then K,CO; (1.4 g excess) was added and the mixture
was stirred for 5 min, followed by addition of CF;SO3sMe (0.298 mL, 2.72
mmol, 20 eq.). After the solution was heated to reflux for 16 h, the
mixture was cooled to room temperature and K,CO; was removed by
filtration. The solvent was evaporated in vacuo and the product was
purified by column chromatography (SiO2; CH,Cl:EtOAc = 10:0-9:1, v:v)
yielding, after evaporation of the solvent under reduced pressure, the title
compound as a green solid (69.2 mg, 0.089 mmol, 65%). M.p. = 190-
196°C; R = 0.64 (SiO,, CHyCl;:MeOH = 9:1, v:v); 'H NMR (400 MHz,
CDCl3, 25 °C): 6 = -5.60 (s, 3H, N-CHj), -3.15 (s, 6H, N-CHj), 4.14 (s, 6H,
OCHS3), 4.17 (s, 6H, OCHs), 7.30 (d, J = 4.7 Hz, 2H, Hpg), 7.45 (d, J = 2.3
Hz, 1H, Hary), 7.47 (t, J = 1.9 HZ, 2H, Hawy), 7.49 (d, J = 2.4 Hz, 1H, Hary),
7.51(d, J =4.1Hz, 2H, Hp), 7.85 (t, J = 7.8 Hz, 3H, Hayi + 1Hp), 7.93 (t, J
= 7.8 Hz, 3H, Hary + 1Hp), 8.07 (s, 4H, Hary), 8.25 (s, 4H, Hary), 8.48 (s,
2H, Hg); "*C NMR (400 MHz, CDCls, 25 °C): & = 160.16, 159.13, 157.57,
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155.80, 151.62, 141.81, 140.89, 134.26, 131.96, 131.78, 131.48, 130.16,
129.03, 124.00, 120.98, 120.72, 119.29, 115.28, 56.21, 56.04, 30.98
ppm; UV-Vis (CHCI3): Amax (log €) = 360 (4.44), 469 (5.20), 683 (4.39),
710 nm (4.39); IR (ATR): ¥ = 2934, 1592, 1573, 1413, 1317, 1262, 1140,
1029, 993, 861, 785, 710, 695, 635, 571 cm’™"; HRMS (MALDI) nm/z calcd.
for CagHaoNsO4 [M]': 777.3441, found 777.3476.

N? N?%-Dimethyl-5,10,15,20-tetrakis (p-methoxyphenyl)porphyrin  7d
and N?,N% NZ-Trimethyl-5,10,15,20-tetrakis (p-
methoxyphenyl)porphyrin trifluoromethanesulfonate salt
[7t][CF3SOg): In a 250 mL three-necked round-bottomed flask,
5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin  H,7 (200 mg, 0.2724
mmol) and K,COs; (1.4 g excess) were dissolved in 50 mL of CH,Cl,. The
solution was heated to reflux and CF3;SO3zMe (0.298 mL, 2.724 mmol, 10
eq.) was added. After the solution was heated to reflux for 16 h, the
mixture was cooled to room temperature and K,CO; was removed by
filtration. The solvent was evaporated under reduced pressure and the
product was purified by column chromatography (SiO,; CH,Cl;:MeOH =
10:0-9:1, v:v) yielding a first green product, compound 7d (14.6 mg,
0.0191 mmol, 7%). M.p. >300 °C; R = 0.83 (SiO,, CH,Cl,:MeOH = 9:1,
v:v); "H NMR (400 MHz, CDCls, 25 °C): & = -2.87 (s, 6H, N-CHs), 4.10 (s,
12H, O-CHs), 7.12 (s, 4H, Hp), 7.49 (d, J = 8.7 Hz, 8H, Hary), 8.41 (d, J =
8.7 Hz, 8H, Hary), 8.50 ppm (s, 4H, Hay), '°C NMR (400 MHz, CDCls,
25 °C): 6 = 139.70, 133.82, 130.38, 125.39, 118.92, 114.02, 113.91,
55.84, 30.96 ppm; UV-Vis (CHCI3): Amax (log €) = 468 (5.49), 733 nm
(4.98); IR (ATR): 7 = 2922, 1596, 1508, 1458, 1414, 1254, 1174, 1149,
1027, 830, 730, 713, 666, 635, 608, 596, 568 cm™'; HRMS (MALDI) m/z
calcd. for CsoHs3N4O4 [M*H]*: 763.3284, found 763.3287. Further elution
yielded a second green fraction which gave a solid of the title salt (154.3
mg, 0.0321 mmol, 73%). M.p. = 285-290 °C; R; = 0.54 (SiO,, EtOAc); H
NMR (400 MHz, CDCls, 25 °C): 6 = -5.32 (s, 3H, N-CHj), -3.02 (s, 6H, N-
CHs), 4.13 (d, J = 4.5 Hz, 12H, O-CH3), 7.17 (d, J = 4.7 Hz, 2H, Hpg), 7.37
(d, J =4.7 Hz, 2H, Hp), 7.49 (d, J = 8.9 Hz, 4H, Hary), 7.55 (d, J = 8.9 Hz,
4H, Hary), 8.12 (s, 2H, Hp), 8.35 (s, 2H, Hp), 8.42 (broad s, 4H, Hary), 8.59
ppm (broad s, 4H, Hary); *C NMR (400 MHz, CDCl,, 25 °C): & = 162.29,
161.64, 159.92, 157.56, 156.14, 151.63, 140.33, 139.38, 133.70, 133.28,
132.97, 131.31, 122.84, 120.57, 119.71, 118.96, 114.90, 113.86, 55.89,
55.77, 30.31, 29.61 ppm; UV-Vis (CHCI3): Amax (log €) = 475 (5.18), 738
nm (4.65); IR (ATR): ¥ = 3468, 2930, 2559, 2039, 1596, 1567, 1507,
1442, 1411, 1296, 1248, 1174, 1146, 1115, 1028, 968, 894, 829, 792,
729, 705, 663, 634, 606, 566 cm”; HRMS (MALDI) m/z calcd. for
Cs1H4sN4O4 [M*H]": 777.3441, found 777.3455.

N?-Methyl-5,10,15,20-tetrakis(p-tolyl)porphyrin ~ 8m:  5,10,15,20-
Tetrakis(p-tolyl)porphyrin H,8 (100 mg, 0.149 mmol) was dissolved in
100 mL of CH,Cl, with 5% of acetic acid. The mixture was stirred for 5
min then CF3SO,0OMe (0.0163 mL, 0.149 mmol, 1 eq.) was added. After
the solution was heated under reflux for 16 h, the mixture was cooled to
room temperature and washed with a 1M ammonia solution. Unreacted
starting material was removed on a silica column eluting with a solution
of CH,CI,/EtOAc (7:3) and the desired compound was extracted from the
column with EtOAc. The solvent was evaporated under reduced pressure
and the product was purified by column chromatography (SiOy;
CH,CIl,:EtOAc = 10:0-9:1, v.v), yielding, after evaporation of the solvent,
compound 8m as a purple solid (45.6 mg, 0.0665 mmol, 45%). M.p.
>350 °C; Rr= 0.72 (SiO,, CH,Cly;:MeOH = 9:1, v:v); "H NMR (400 MHz,
CDCl3, 25 °C): & = -4.69 (s, 3H, N-CH3), 2.74 (d, J = 4.2 Hz, 12H, CH;.
aryl), 7.65 (d, J = 7.7 Hz, 2H, Hary), 7.70 (d, J = 7.5 Hz, 2H, Hary), 7.76 (d,
J=7.7 Hz, 4H, Hary), 7.82 (s, 2H, Hg), 8.18 (d, J = 7.3 Hz, 2H, Hay), 8.37
(d, J =7.4 Hz, 2H, Hay), 8.45 (broad s, 4H), 8.54 (s, 2H, Hpg), 8.63 (d, J =
4.7 Hz, 2H, Hg), 8.76 ppm (d, J = 4.7 Hz, 2H, Hp); "°*C NMR (400 MHz,
CDCl;, 25 °C): 6 =159.15, 155.06, 142.21, 140.70, 139.78, 138.49,
138.25, 138.03, 137.12, 136.84, 135.06, 127.91, 127.47, 126.81, 126.08,
122.16, 122.14, 119.27, 109.97, 49.58, 21.51 ppm; UV-Vis (CHCI3): Amax
(log €) = 342 (4.66), 444 (5.61), 629 (4.56), 677 nm (4.55); IR (ATR): 7 =
3024, 1605, 1452, 1299, 1241, 1221, 1183, 1151, 1029, 964, 809, 721,
705, 632, 567 cm”'; HRMS (MALDI) m/z calcd. for CagHaoN4O4 [M*H]":
685.3353, found 685.3331.



N N?2 NZ-Trimethyl-5,10,15,20-tetrakis(p-tolyl)porphyrin
trifluoromethanesulfonate salt [8t][CF3SOg3]: Porphyrin H,8 (100 mg,
0.149 mmol) was dissolved in 50 mL of CH,Cl,. Then K,CO3; (1.4 g
excess) was added and the mixture was stirred for 5 min, followed by
addition of CF3SO3;Me (0.163 mL, 0.149 mmol, 10 eq.). After the solution
was heated to reflux for 16 h, the mixture was cooled to room
temperature and K,CO; was removed by filtration. The solvent was
evaporated under reduced pressure and the product was purified by
column chromatography (SiO,; CH,Cl:EtOAc = 10:0-9:1, v:v) yielding,
after evaporation of the solvent, the title compound as a green powder
(105.7 mg, 0.148 mmol, 99 %). M.p. >350 °C; R = 0.82 (SiOy,
CH,Cl::MeOH = 9:1, v:v); 'H NMR (400 MHz, CDCls, 25 °C): 6 = -5.50 (s,
3H, N-CHs),-3.12 (s, 6H, N-CH?), 2.74 (s, 12H, CHaay), 7.22 (d, J = 4.6
Hz, 2H, Hg), 7.43 (d, J = 4.6 Hz, 2H, Hp), 7.77 (d, J = 7.8 Hz, 4H, Hary),
7.83 (d, J =7.9 Hz, 4H, Hay), 8.18 (s, 2H, Hp), 8.34 (broad s, 4H, Hary),
8.42 (s, 2H, Hp), 8.53 ppm (broad s, 4H, Hary);"*C NMR (400 MHz, CDCl,,
25 °C): 6 = 160.12, 157.59, 156.01, 151.73, 141.66, 140.59, 139.12,
138.35, 138.04, 137.16, 133.91, 132.00, 130.25, 129.17, 123.48, 120.97,
120.58, 119.15, 30.78, 21.78 ppm; UV-Vis (CHCI3): Amax (log €) = 384
(5.08), 468 (5.80), 718 nm (5.13); IR (ATR): 7 = 2918, 1604, 1431, 1261,
1221, 1185, 1146, 1029, 967, 855, 813, 788, 720, 706, 664, 634, 565 cm™
- HRMS (MALDI) m/z calcd. for CsgH4oN4O4 [M]*: 713.3648, found
713.3644.

N?-Methyl-5,10,15,20-tetrakis(m-(3,5-di-tert-butylphenyl))porphyrin
9Im: 5,10,15,20-tetrakis(m-(3,5-di-tert-butylphenyl))porphyrin H,9 (50 mg,
0.078 mmol) was dissolved in 100 mL of CH,Cl, with 5% (v:v) of acetic
acid. The mixture was stirred for 5 min then CF3;SO,OMe (0.0050 mL,
0.078 mmol, 1 eq.) was added. After the solution was heated to reflux for
16 h, the mixture was cooled to room temperature and washed with a 1M
ammonia solution. Unreacted starting material was removed on a silica
column eluting with a solution of CH,Cl,/EtOAc (7:3) and the desired
compound was extracted from the column with EtOAc. The solvent was
evaporated under reduced pressure and the residue was purified by
column chromatography (SiO,; CH,Cl:EtOAc = 10:0-9:1, v:v) yielding,
after evaporation of the solvent, a purple solid of 9m (7 mg, 0.00649
mmol, 8%). M.p. >350 °C; R = 0.60 (SiO,, CH,Cl,;:MeOH = 9:1, v:v); H
NMR (400 MHz, CDCls, 25 °C): & = -3.80 (s, 3H, N-CH3), 1.47 (m, 36H,
tert-butyl), 1.62 (m, 18H, tert-butyl), 1.83 (m, 18H, tert-butyl), 7.79 (m, 2H,
Hary), 7.85 (broad s, 2H, Hary), 7.95 (broad s, 2H, Hay), 8.01 (broad s, 2H,
Hary), 8.26 (broad s, 2H, Hary), 8.38 (broad s, 2H, Hay), 8.44 (s, 2H, Hpg),
8.88 (s, 2H, Hpg), 8.93 ppm (m, 4H, Hp); *C NMR (400 MHz, CDCls,
25 °C): & = 156.85, 152.40, 151.45, 151.13, 141.05, 134,00, 133.08,
132.44, 129.15, 125.98, 123.23, 122.03, 121.12, 34.94, 31.76, 31.31,
31.23, 29.52 ppm; UV-Vis (CHCI3): Amax (log €) = 437 (5.44), 473 (4.00),
579 (4.19), 679 nm (3.78); IR (ATR): 7 = 2955, 1589, 1460, 1412, 1394,
1363, 1251, 1222, 1149, 1067, 1030, 899, 865, 826, 796, 732, 711, 636,
571 cm™; HRMS (MALDI) m/z calcd. for C4gHaoN4O4 [MTH]*: 1177,7707,
found 1077.7716.

N?! N?2 NZ-Trimethyl-5,10,15,29-tetrakis (m-(3.5-di-tert-

butylphenyl)porphyrin trifluoromethanesulfonate salt [9t][CF3SOg]:
5,10,15,20-Tetrakis(m-(3,5-di-tert-butylphenyl))porphyrin H,9 (100 mg,
0.094 mmol) was dissolved in 150 mL of CH,Cl,. Then K,CO3 (1.4 g
excess) was added and the mixture was stirred for 5 min, followed by
addition of CF3SO3zMe (0.102 mL, 1.54 mmol, 10 eq.). After the solution
was heated to reflux for 16 h, the mixture was cooled to room
temperature and K,CO; was removed by filtration. The solvent was
evaporated under reduce pressure and the product was purified by
column chromatography (SiOz; CH,Cl:EtOAc = 10:0-9:1, v:v) yielding,
after evaporation of the solvent, a green solid of the title salt (62.2 mg,
0.05624 mmol, 60%). M.p. = 287-290 °C; Ry = 0.74 (SiO,, CH,Cl,:MeOH
= 9:1, v:v); "H NMR (600 MHz, CDCls, 25 °C): & = -5.47 (s, 3H, N-CHj), -
2.98 (s, 6H, N-CHs3), 1.67 (d, J = 10.9 Hz, 72H, tert-butyl), 7.29 (d, J = 4.7
Hz, 2H, Hg), 7.48 (d, J = 4.7 Hz, 2H, Hg), 7.96 (s, 2H, Hay), 8.01 (s, 2H,
Hary), 8.21 (s, 2H, Hg), 8.25 (broad s, 4H, Hay) 8.39 (s, 2H, Hg), 8.46
(broad s, 2H, Hary), 8.59 (broad s, 2H, Hary); *C NMR (400 MHz, CDCls,
25 °C): 6 = 160.83, 157.70, 155.76, 151.96, 150.64, 139.98, 139.14,
133.87, 133.49, 133.00, 125.18, 123.89, 122.84, 121.71, 121.41, 119.35,
118.70, 35.55, 35.45, 31.32, 31.82 29.84 ppm; UV-Vis (CHCI3): Amax (log
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€) = 383 (4.32), 473 (5.08), 695 (4.30), 725 nm (4.31); HRMS (MALDI)
m/z calcd. for C4oH33N4Og [M]+: 1105.8021, found 1105.8050.

N?-Methyl-5,15-bis(3,4,5-trimethoxyphenyl)porphyrin ~ 10m: 5,15-
Bis(3,4,5-trimethoxy)phenylporphyrin H,10 (100 mg, 0.156 mmol) was
dissolved in 50 mL of CH,CI, with 5% of acetic acid. The mixture was
stirred for 5 min, then CF3S0O,0OMe (0.0095 mL, 0.156 mmol, 1 eq.) was
added. After the solution was heated to reflux for 16 h, the mixture was
cooled to room temperature and washed with a 1M ammonia solution.
Unreacted starting material was removed on a silica column with a
solution of CH,Cl,/EtOAc (7:3) and the desired compound was extracted
with EtOAc. The solvent was evaporated under reduced pressure and
the product was purified by column chromatography (SIOy;
CH,CIy:EtOAc = 10:0-9:1, v.v) yielding, after evaporation of the solvent,
a purple solid of compound 10m (47.2 mg, 0.0718 mmol, 46%). M.p.
>300 °C; Rr= 0.66 (SiO,, CH,Cl;:MeOH = 9:1, v:v); "H NMR (600 MHz,
CDCl3, 25 °C): 6 = -4.51 (s, 3H, N-CHs), -2.56 (s, 1H, N-H), 3.99 (s, 3H,
p-OCHs), 4.03 (s, 6H, m-OCHs), 4.19 (s, 6H, m-OCHj), 4.20 (s, 3H, p-
OCH3),7.39 (s, 2H, Hary), 7.55 (s, 1H, Hp), 7.91 (d, J = 4.3 Hz, 1H, Hp),
8.37 (d, J =4.5 Hz, 1H, Hg), 8.85 (d, J = 4.0 Hz, 1H, Hpg), 8.95 (d, J = 4.3
Hz, 1H, Hg), 9.07 (d, J = 4.2 Hz, 1H, Hp), 9.14 (d, J = 4.1 Hz, 2H, Hary),
9.35 (d, J = 4.7 Hz, 1H, Hp), 10.09 ppm (d, J = 3.1 Hz, 2H, Hay); '*C
NMR (400 MHz, CDCl;, 25 °C): & = 156.79, 153.13, 151.98, 151.69
139.82, 137.89, 137.04, 135.62, 134.01, 133.62, 133.48, 128.71, 127.94,
119.11, 118.01, 113.04, 112.73, 110.19, 105.78, 61.34, 61.32, 56.45,
56.42, 29.72 ppm; UV-Vis (CHCI3): Anax (log €) = 424 (5.27), 515 (3.97),
555 (3.94), 597 (3.76), 659 nm (3.60); IR (ATR): 7 = 2981, 1577, 1498,
1458, 1406, 1333, 1231, 1124, 1058, 1001, 964, 923, 851, 793, 714, 687
cm™'; HRMS (MALDI) m/z calcd. for CagHagN4Og [M*H]*: 657.2713, found
657.2740.

N?:-Hydro-N?® N?*-dimethyl-5,15-bis(3,4,5-
trimethoxyphenyl)porphyrin trifluoromethanesulfonate salt
[10d][CF3SOg]: Free base H,10 (100 mg, 0.156 mmol) was dissolved in
50 mL of CH,Cl,. Then K,COj3 (1.4 g excess) was added and the mixture
stirred for 5 min, followed by addition of CF3;SOs;Me (0.171 mL, 1.56
mmol, 10 eq.). After the solution was heated to reflux for 16 h, the
mixture was cooled to room temperature and K,CO; was removed by
filtration. The solvent was evaporated under reduced pressure and the
product was purified by column chromatography (SiO,; CH,Cl,:EtOAc =
10:0-9:1, wv:v) yielding, after evaporation of the solvent, the title
compound as a green solid (88.1 mg, 0.131 mmol, 86%). M.p. >300 °C;
R = 0.51 (SiOz, CHyClx:MeOH = 9:1, v:v); 'H NMR (600 MHz, CDCls,
25 °C): 6 = -5.32 (s, 6H, N-CHs), 4.02 (s, 6H, 0-OCHj), 4.19 (s, 3H, p-
OCHs), 4.22 (s, 3H, p-OCHj), 4.25 (s, 6H, 0-OCHs), 7.40 (s, 2H, Hmeso),
7.92 (s, 2H, Hary), 8.41 (d, J = 4.7 Hz, 2H, Hp), 8.82 (d, J = 4.8 Hz, 2H,
Hpg), 9.14 (d, J = 4.7 Hz, 2H, Hp), 8.55 (d, J = 4.8 Hz, 2H, Hp), 10.68 ppm
(s, 2H, Hary); C NMR (400 MHz, CDCl3, 25 °C): & = 153.99, 153.72,
152.47, 152.38, 152.09, 147.27, 141.39, 138.82, 136.22, 135.28, 134.15,
133.26, 122.41, 122.26, 121.82, 121.50, 116.73, 113.25, 109.06, 109.58,
61.59, 61.48, 57.16, 56.66, 28.71 ppm; UV-Vis (CHCI3): Amax (log €) = 447
(5.35), 604 (4.43), 646 nm (4.35); IR (ATR): 7 = 2981, 1577, 1491, 1411,
1328, 1326, 1155, 1121, 1028, 995, 927, 838, 799, 720, 692, 635, 568
cm™: HRMS (MALDI) m/z calcd. for CsoH3sN4Og [M]*: 671.2870, found
671.2897.

N?!-Hydro-N?* N**-dimethyl-5,15-bis(3,4-dimethoxyphenyl)porphyrin

trifluoromethanesulfonate salt [11d][CF3SOg]: Porphyrin H,11 (50 mg,
0.0858 mmol) was dissolved in 50 mL of DCM. Then K,CO; (1.4 g
excess) was added and the mixture was stirred for 5 min, followed by
addition of CF3SO3;Me (0.094 mL, 0.858 mmol, 10 eq.) After the solution
was heated to reflux for 16 h, the mixture was cooled to room
temperature and K,COj3; was removed by filtration. The solvent was
evaporated under reduced pressure and the product was purified by
column chromatography (SiO,; CH.Cl,:EtOAc = 10:0-9:1, v:v) yielding,
after evaporation of the solvent, the titte compound as a green solid (49
mg, 0.0802 mmol, 93%). M.p. >350 °C; Rf= 0.68 (SiO,, CH,Cl,:MeOH =
9:1, v:;v); "H NMR (600 MHz, CDCls, 25 °C): & = -5.24 (d, J = 13.6 Hz, 6H,
N-CHs), -2.23 (s, 1H, N-H), 4.05 (s, 3H, O-CHs), 4.20 (s, 3H, O-CH,),
4.25 (s, 3H, O-CHs), 4.30 (s, 3H, O-CHs), 7.35 (d, J = 7.7 Hz, 1H, Hay),



7.58 (d, J = 8.1 Hz, 1H, Hay), 7.71 (s, 2H, Hp), 8.18 (d, J = 7.7 Hz, 1H,
Hary), 8.30 (s, 2H, Hg), 8.36 (s, 1H, Humeso), 8.80 (d, J = 8.7 Hz, 2H,Hp),
9.08 (s, 2H, Hg), 9.50 (d, J = 3.2 Hz, 2H, Hay), 9.53 (d, J = 3.2 Hz, 2H,
Hary) 10.61 (s, 1H, Hmeso), 10.66 ppm (d, J = 6.1 Hz, 1H, Hay); "*C NMR
(151 MHz, CDCl) & = 152.51, 150.16, 150.01, 148.38, 147.51, 146.82,
136.22, 133.40, 133.24, 131.29, 122.37, 122.27, 121.29, 118.57, 112.09,
110.72, 109.35, 56.97, 56.70, 56.47, 29.85 ppm; UV-Vis (CHCl3): Amax
(log €) = 452 (5.97), 615 (4.18), 650 nm (4.18); IR (ATR): V = 3484, 2981,
1596, 1514, 1491, 1463, 1412, 1328, 1253, 1232, 1169, 1139, 1030, 968,
922, 849, 802, 763, 716, 690, 635, 575 cm™'; HRMS (MALDI) m/z calcd.
for CaoHagN4Og [M*H]": 611.2658, found 611.2653.

N?'-Methyl-5,15-bis(p-tolyl)porphyrin  12m and N*-hydro-N?3 N?-
dimethyl-5,15-bis(p-tolyl)porphyrin trifluoromethanesulfonate salt
[12d][CF3SOg3]: Porphyrin H212 (50 mg, 0.102 mmol) was dissolved in 50
mL of DCM (5%, v:v, acetic acid). The mixture was stirred for 5 min then
CF3SO3Me (0.012 mL, 0.102 mmol, 1 eq.) was added. The reaction was
monitored by TLC after 16h showing initial formation of the product.
Another equivalent of CF3;SO,0OMe was added and the reaction was
stirred for an additional 16 h. This step was repeated (for a total of 3 eq.
methylating agent). TLC control after 48 h showed the formation of a
second compound. The reaction was stopped, cooled and washed with
1M ammonia solution. Unreacted starting material was removed on a
column with a solution of CH,CI,/EtOAc (7:3) and the mixture, containing
the two formed products, was extracted from the column with EtOAc. The
solvent was evaporated under reduced pressure and products were
purified by column chromatography (SiO,; CH,Cl:EtOAc = 10:0-9:1, v.v)
yielding a first fraction, which, after evaporation of the solvent, gave
compound 12m as a purple powder (4.6 mg, 0.0091 mmol, 9%). M.p.
>300 °C; Ry = 0.96 (SiOz, CH,Cl:MeOH = 9:1, v:v); 'H NMR (600 MHz,
CDCl3, 25 °C): 6 = -4.30 (d, J = 54.5 Hz, 3H, N-CHs), 2.74 (s, 3H, CHs;.
ay), 7.58 (d, J = 7.2 Hz, 1H, Hary), 7.62 (d, J = 7.3 Hz, 1H, Hay), 7.65 (d,
J =6.3 Hz, 1H, Hay), 7.73 (d, J = 6.0 Hz, 1H, Hary), 8.06 (d, J = 6.0 Hz,
2H, Hay), 8.21 (d, J = 7.0 Hz, 1H, Hay), 8.48 (d, J = 5.9 Hz, 1H, Hay),
8.62 (d, J =4.2 Hz, 1H, Hp), 9.03 (d, J = 4.3 Hz, 1H, Hp), 9.12 (d, J = 4.2
Hz, 1H, Hpg), 9.15 (d, J = 4.4 Hz, 1H, Hp), 9.15 (d, J = 4.4 Hz, 1H, Hp),
9.16 (d, J = 4.4 Hz, 1H, Hp), 9.16 (d, J = 4.4 Hz, 1H, Hp), 9.34 (d, J =4.3
Hz, 1H, Hpg), 9.36 (d, J = 4.4 Hz, 1H, Hp), 9.39 (d, J = 4.4 Hz, 1H, Hp),
10.36 (s, 1H, Himeso), 10.43 (s, TH, Hmeso); "°C NMR (151 MHz, CDCls): &
= 157.48, 155.52, 153.29, 152.46, 151.66, 151.43, 150.93, 150.64,
139.06, 139.04, 138.64, 137.66, 137.61, 136.35, 135.75, 135.54, 134.60,
134.39, 133.90, 133.61, 133.51, 132.92, 128.81, 128.31, 127.75, 127.52,
126.34, 124.99, 124.13, 123.42, 110.83, 110.79, 108.16, 108.13, 32.93,
32.89, 21.68, 21.66 ppm; UV-Vis (CHCI3): Amax (log €) = 428 (5.17),442
(5.11), 549 (3.84), 594 (3.91), 641 (3.48); HRMS (MALDI) m/z calcd. for
C3gH3sN406 [M*H]": 505.2392, found 505.2415. A second fraction yielded
a green solid of the title salt (2.4 mg, 0.0046 mmol, 5%). M.p. >350 °C; R¢
= 0.72 (SiO;, CH,Cl;:MeOH = 9:1, v:v); 'H NMR (600 MHz, CDCls,
25 °C): 6 =-5.42 (s, 6H, N-CHs), -2.44 (s, 1H, N-H), 2.74 (s, 3H, CHa.ary ),
2.79 (s, 3H, CHs.aryi ), 7.67 (d, J = 7.5 Hz, 2H, Hawy), 7.89 (d, J = 7.5 Hz,
2H, Hary), 8.07 (d, J = 7.7 Hz, 2H, Hary), 8.35 (d, J = 4.5 Hz, 2H, Hpg), 8.55
(d, J=7.8 Hz, 2H, Hary), 8.88 (d, J = 4.6 Hz, 2H, Hp), 9.09 (d, J = 4.6 Hz,
2H, Hp), 9.58 (d, J = 4.6 Hz, 2H, Hp), 10.78 ppm (s, 2H, Hmeso); '°C NMR
(151 MHz, CDCl;): 6 = 153.42, 152.50, 152.00, 147.23, 141.97, 138.97,
138.88, 136.67, 136.27, 135.80, 135.13, 133.48, 130.57, 128.81, 123.24,
121.97, 121.84, 109.69, 38.30, 21.83, 21.83, 21.65 ppm; UV-Vis (CHClI5):
Amax (log €) = 437 (5.32), 538 (3.85), 579 (4.10), 681 nm (3.76); IR (ATR):
v = 3656, 2981, 2918, 1605, 1493, 1457, 1381, 1299, 1240, 1222, 1183,
1149, 1078, 1028, 963, 809, 721, 705, 633, 571 cm”'; HRMS (MALDI)
m/z calcd. for C4oH3sN4Og [M]": 519.2549, found 519.2.

Crystal structure determinations: Crystals were grown following the
protocol developed by Hope and as described earlier.*” Single crystal X-
ray diffraction data for all compounds were collected on a Bruker APEX 2
DUO CCD diffractometer by using graphite-monochromated MoK, (A =
0.71073 A) radiation and Incoatec 1uS CuK, (A = 1.54178 A) radiation.
Crystals were grown by dissolving the compounds in CH,Cl, and layering
with MeOH. Crystals were mounted on a MiTeGen MicroMount and
collected at 100(2) K by using an Oxford Cryosystems Cobra low-
temperature device. Data were collected by using omega and phi scans
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and were corrected for Lorentz and polarization effects by using the APEX
software suite.*"! Using Olex2, the structure was solved with the XT
structure solution program, using the intrinsic phasing solution method and
refined against |F?| with XL using least squares minimization."*?
Hydrogen atoms were generally placed in geometrically calculated
positions and refined using a riding model. Details of data refinements can
be found in Table S5. Allimages were prepared by using Olex2.1*??!

Crystal Data for 1m: CssH32N4 (M = 628.74 g/mol): triclinic, space group
P1 (no. 2), a = 13.7893(7) A, b = 14.9069(8) A, ¢ = 19.3164(10) A, a =
108.234(2)°, B = 96.992(3)°, y = 101.614(3)°, V= 3620.5(3) A®, 2=4, T=
100(2) K, u(CuK,) = 0.526 mm‘1, Decac = 1.154 g/cms, 36917 reflections
measured (7.464° < 20 < 136.972°), 12845 unique (Rint = 0.0676, Rsigna =
0.0760) which were used in all calculations. The final Ry was 0.0779 (I >
20(l)) and wR, was 0.2435 (all data). The structure was solved with two
independent molecules in the asymmetric unit. However, in the sum
formula, it should be noted that this formula only represents one molecule.
This is due to Z' = 0.5 and a large degree of overlap between the two
structures. Solvent molecules (H,O) in the structure was squeezed using
platon squeeze as no reliable solution could be modeled.*®! The C and N
bound H atoms were placed in their expected calculated positions and
refined as riding model: N-=H = 0.88 A, C—H = 0.95-0.98 A, with Uo(H) =
1.5Ueq(C) for methyl H atoms and 1.2Uq (C, N) for all other atoms other H
atoms. Large K value in the Analysis of Variance is associated to the very
weak reflections in the high angle data. Low bond precision on C-C bonds
is associated to the very weak reflections in the high angle data. Missing
reflection is associated with only 97.3 % of collected data.

Crystal Data for 1d: CgoH74NgO3 (M = 1339.59 g/mol): monoclinic, space
group Pn (no.7),a=14.7319(11) A, b=12.3812(9) A, c =24.5671(18) A, B
=107.071(2)°, V=4283.6(5) A%, Z=2, T=100(2) K, u(MoKg) = 0.063 mm",
Dcae = 1.039 g/cm3, 87884 reflections measured (3.29° < 26 < 50.76°),
15659 unique (Rint = 0.0413, Rsigma = 0.0328) which were used in all
calculations. The final Ry was 0.0632 (I > 2a(l)) and wR, was 0.1722 (all
data). The structure was solved with two independent porphyrin molecules
and three fully occupied water molecules in the asymmetric unit. Additional
water molecules (around 8.5) were squeezed from the structure as no
reliable structural model could be obtained.!** This resulted in one alert due
to a D—H without an acceptor. The hydrogen atoms attached to the oxygen
of the water molecules were placed in their expected calculated positions
and refined as riding model: O-H = 0.98 A, with Uiso(H) = 1.5U¢q(O) for
water H atoms. The O—H distances were restrained using the DF X restraint
and the H—H distances in the water molecules were fixed using the DFIX
restraint. The phenyl ring (C156_1, C155_1, C154_1, C153_1, and
C152_1) were fixed using the restraint (SIMU). The C and N bound H atoms
were placed in their expected calculated positions and refined as riding
model: N-H = 0.88 A, C-H = 0.95-0.98 A, with Uiso(H) = 1.5Ueq(C) for
methyl H atoms and 1.2Uq (C, N) for all other atoms other H atoms. Low
bond precision on C-C bonds is associated with the very weak reflections
in the high angle data.

Crystal Data for 7m: C4oHsoN4O4 (M = 748.85 g/mol): monoclinic, space
group P24/c (no. 14),a=13.818(7) A, b=15.957(9) A, ¢ =20.117(11) A, B =
92.552(14)°, V = 4431(4) A%, Z = 4, T = 100(2) K, y(MoK,) = 0.072 mm”",
Deaic = 1.122 g/cm3, 119390 reflections measured (3.902° < 26 < 52.906°),
9059 unique (Rt = 0.0400, Rsigma = 0.0168) which were used in all
calculations. The final Ry was 0.0615 (I > 20(l)) and wR; was 0.1485 (all
data). The pyrrole units at N21 and N23 were modeled over two positions
(80:20 % occupancy) using restraints (SADI, DFIX, and SIMU). The
methoxy group O1-C57 was modeled over two positions (80:20 %
occupancy) using restraints (SADI and SIMU). Solvent molecules (H,O,
CDCl3) in the structure were squeezed using platon squeeze as no reliable
solution could be modeled.”®! The C and N bound H atoms were placed in
their expected calculated positions and refined as riding model: N-H = 0.88
A, C-H = 0.95-0.98 A, with Uiso(H) = 1.5Ueq(C) for methyl H atoms and
1.2Uqq (C, N) for all other atoms other H atoms. Large K value in the
analysis of variance is associated with the very weak reflections in the high
angle data.



Crystal Data for [7t][CF3SOg]: CsoHasF3N4O7S (M = 927.99 g/mol):
monoclinic, space group P24/c (no. 14),a=16.1055(6) A, b=8.0297(3) A, ¢
=34.4166(14) A, 8= 102.3050(10)°, V = 4348.6(3) A%, Z= 4, T=100(2) K,
u(MoKg) = 0.149 mm™", Do = 1.417 glom®, 66623 reflections measured
(5.216° <26 <£50.996°), 8092 unique (Rint = 0.1140, Rsigma = 0.0496) which
were used in all calculations. The final Ry was 0.0521 (I > 20(l)) and wR;
was 0.1404 (all data). The structure was solved containing one unit in the
asymmetric cell one trifluoromethanesulfonate solvate. The structure was
modeled over two positions at C26 (C26A) in an 80:20 % occupancy. No
restraints or constraints were necessary. The trifluoromethanesulfonate
solvate was modeled over two positions (80:20 % occupancy) using
restraints (SIMU and SADI). The C and N bound H atoms were placed in
their expected calculated positions and refined as riding model: N—H = 0.88
A, C-H = 0.95-0.98 A, with Uiso(H) = 1.5Ueq(C) for methyl H atoms and
1.2Uqq (C, N) for all other atoms other H atoms. Large K value in the
analysis of variance is associated with the very weak reflections in the high
angle data.

Crystal Data for compound [10d][CF3SO3]: C41H39F3N4O¢S (M =820.82
g/mol): monoclinic, space group P2i/c (no. 14), a = 7.6298(3) A, b =
29.1766(9) A, c = 19.2119(6) A, B = 95.085(2)°, V = 4260.0(3) A®, Z = 4,
T = 100(2) K, p(CuKy) = 1.277 mm”, D = 1.280 g/cm®, 50790
reflections measured (5.522° < 26 < 133.482°), 7526 unique (Rint =
0.0628, Rsigna = 0.0357) which were used in all calculations. The final R;
was 0.0490 (I > 20(l)) and wR, was 0.1406 (all data). The structure was
solved containing one wunit in the asymmetric cell one
trifluoromethanesulfonate solvate. The trifluoromethanesulfonate solvate
was modeled over two positions (75:25 % occupancy) using restraints
(SIMU and ISOR). Solvent molecules (DCM) in the structure was
squeezed using platon squeeze as no reliable solution could be
modeled.*® The C and N bound H atoms were placed in their expected
calculated positions and refined as riding model: N-H = 0.88 A C-H =
0.95-0.98 A, with Uso(H) = 1.5Ueq(C) for methyl H atoms and 1.2Ueq (C,
N) for all other atoms other H atoms. Large K value in the analysis of
variance is associated with the very weak reflections in the high angle
data. Missing reflection is associated with only 99.9 % of collected data.

Normal Structural Decomposition (NSD) Analysis. The theoretical
background and development of this method have been described by
Shelnutt and co-workers.!'?*%644 NSD is a conceptually simple method
that employs the decomposition of the conformation of the macrocycle by
a basis set composed of its various normal modes of vibration, affording
clear separation of the contributing distortions to the macrocycle
conformation in a quantitative fashion. For calculations, we used the NSD
engine program as provided by Shelnutt.”"!

Supporting Information (See footnote on the first page of this article):
Experimental details, optimization studies, spectroscopic data of all
compounds and X-ray crystallographic data (NSD, crystal structures,
packing, bond lengths and angles).

CCDC-1838769 (for 1m), -1838770 (for 1d), -1838771 (for 7m), -
1838772 (for [7t][CFsSOg3], and - 1849801 for [10d][CF3;SOg3]) contains
the supplementary crystallographic data for this paper. These data sets
can be obtained free of charge from The Cambridge Crystallographic
Data Center via http://www.ccdc.cam.ac.uk/data_request/cif.
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Optimized alkylation conditions allow the facile synthesis of porphyrins with various degrees of N-methylation and investigation of
their unique structural characteristics reveals means to control the N-substitution pattern depending on peripheral substitution
macrocycle type.
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