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Abstract: We have developed new conditions that afford regioisomerically pure trans-A,;B,-, As;B-, and trans-AB,C-
porphyrins bearing aryl and arylethynyl substituents. The porphyrin formation reaction involves the acid-catalyzed
condensation of dipyrromethanes with aldehydes followed by oxidation with p-chloranil or DDQ. Optimal conditions for
condensation were identified after examining various reaction parameters such as solvent composition, acid concentration, and
reaction time. The conditions identified (for aromatic aldehydes: EtOH:H,0 4:1, [DPM] = 4 mM, [aldehyde] = 4 mM, [HCI] =
48 mM, 16 h and for arylethynylaldehydes: THF:H,O 2:1, [DPM] = 13 mM, [aldehyde] = 13 mM, [HCI] = 0.15 M, 3 h)
resulted in formation of porphyrins in yields of 9-38% without detectable scrambling. This synthesis is compatible with diverse
functionalities such as ester, or nitrile. In total 20 new trans-A,B,-, A;B-, and trans-AB,C-porphyrins were prepared. The
scope and limitations of two sets of reaction conditions have been explored. The methodological advantage of this approach is
its straightforward access to building blocks and the formation of the porphyrin core in higher yields than by any other
methodology and by using environmentally benign and non-hazardous chemicals.

Keywords: porphyrinoids ¢ (non)scrambling porphyrinse green chemistry ¢ m-extension *synthesis

Introduction

The seminal discovery by Jonathan S. Lindsey and his coworkers of a versatile synthetic method for meso-tetraarylporphyrins under very
mild conditionst") has led to variations that have been widely adopted and have served as an entry of porphyrinoids into functional materials
with applications ranging from medicinal chemistry and photodynamic therapy to molecular electronics.!”) Because this methodology
tolerates a variety of functional groups, this procedure has allowed the design of novel systems in which the A -porphyrins are first formed
and then subsequently modified by substitution reactions or functional group manipulations, leading to the desired target functional
molecules in acceptable yields.’) Prior to the Lindsey method, elaborate synthetic transformations were conducted to afford usually
aldehydes,”! which were then submitted to the classical Adler-Longo,”} Rothemund,® or McDonald!” condensations with pyrrole or its
derivatives under harsh conditions, such as heating to reflux in propionic acid under aerobic conditions. As this last porphyrin-forming step
proceeds with only low to modest yields, this synthetic strategy was not atom economical, as defined by Trost,’® and failed completely with
functional groups sensitive to high temperatures, acidic conditions, and oxygen.

Thus, the synthesis of meso-substituted A, porphyrins is in its mature state. However, if substrates containing two to four pyrrole
units, such as dipyrromethanes or bilanes,” were subjected to the usual mild Lindsey conditions, small amounts of isomeric porphyrins were
formed as by-products due to the so-called scrambling of the porphyrinogen. In acidic medium, the ring of this cyclic tetrapyrrole can open
and then reform, thereby leading to interchange of neighboring pyrrole rings. Lindsey and co-workers optimized conditions for the [2+2]
condensation between sterically unhindered dipyrromethanes and aldehydes leading to trans-A,B,-porphyrins.l'"” The very gentle conditions
(condensation at 10 mM in MeCN at 0 °C with BF;-Et,0 catalysis in the presence of NH,Cl followed by DDQ oxidation) made it possible to
avoid scrambling but the yields of the desired #rans-A,B,-porphyrins were in the range of only 5-10%. While many modifications!"" and
significant progress!'? have been achieved for the synthesis of A,-porphyrins, few improvements were made for frans-A,B,-porphyrins. !



Due to scrambling, the isolation of the desired porphyrin from its closely related regioisomers by chromatographic separation is both tedious
and low-yielding. Unsubstituted dipyrromethane,!'*! sterically-hindered dipyrromethanes, and dipyrromethanes with electron-withdrawing
groups are somewhat more resistant to scrambling than simple dipyrromethanes.!"!

A preparatively useful method for synthesizing variously substituted porphyrins under mild conditions that avoids scrambling has been
a long sought reaction for the past two decades. Lindsey and co-workers proposed a few interesting solutions, which work on a reasonable
scale, including a tin-complexation strategy in the preparation of 1,9-diacyldipyrromethanes or the direct synthesis of palladium trans-A,B,-
porphyrins from acyldipyrromethanes.!") Senge has addressed this problem and has elegantly solved it by using organolithium reagents that
efficiently lithiate any meso-free position which then can be substituted, followed by an oxidative step in an overall Sys—type reaction.!'”)
Such sequential substitutions have proven viable for obtaining even ABCD-type porphyrins starting from the unsubstituted porphine, or
A,BC-type starting from 5,15-disubstituted porphyrins.!'®)

Herein, we report an alternative novel and “greener” method which avoids the use of rather hazardous reagents and proceeds in
aqueous media. This method has been discovered simultaneously in two different laboratories, one in Marseille and the other in Warsaw.!'”!
Although different porphyrins were targeted and slightly different reaction conditions were explored, it is clear that the same basic reaction
was involved. Therefore, in the interest of the readers, we are now jointly publishing our results.

While attempting the synthesis of a corrole devoid of the 5 and 15 meso-substituents, the group in Marseille serendipitously found that
an attempted reaction following the initial “Gryko” conditions,”” functioned completely differently, yielding no corrole(s), but only the
trans-A,-porphyrin. However, it has not escaped our attention that no scrambling had occurred. Subsequent work explored the scope and
robustness of this synthetic procedure, which clearly showed that a major problem in porphyrin syntheses could be circumvented.

The group in Warsaw targeted meso-arylethynylporphyrins, compounds which have received considerable attention in the field of
materials chemistry due to their potential application in optoelectronic devices.”') These molecules have emerged as promising candidates
for optical limiters,?” two-photon absorption (2PA) sensitizers for near infrared (NIR) photorefractive composites,!'** reverse saturable
absorbers,'**) materials for second harmonic generation,!''¥! and for dye-sensitized solar cells (DSSCs).*¥ Arylethynylporphyrins have a
significantly altered electronic structure. Incorporation of two ethynyl moieties elongates the m-conjugation pathway and improves the
electronic interactions between the phenyl substituents and the porphyrin core owing to the rigid two-dimensional structures, which results in
enhancement of 2PA values >*! and bathochromatically shifted absorption.!'™* 2% They also display large first-order hyperpolarizabilities
t1e- 271 and high thermal stability.[''®)

Although meso-arylethynyl trans-A,B,-porphyrins are typically synthesized via preparation of trans-A,-porphyrins unsubstituted at two
meso-positions, followed by bromination and Sonogashira coupling,!'® % 3% %] 3 second approach starting from phenylpropargyl aldehydes
has also been explored.***?! The reaction outcomes were, however, very sensitive to the applied conditions and the target porphyrins were
often accompanied by undesired rearrangement products due to unavoidable scrambling.**!

Results and Discussion

Tetraarylporphyrins

Gryko and co-workers described the synthesis of trans-A,B-corroles with high yields and without any scrambling.” This procedure wss
based on the synthesis of meso-triarylbilanes in a water/methanol mixture in which a precipitation occurs before scrambling can take place.
We thought that this method would produce the corresponding #rans-A,B,-porphyrin if the dipyrromethane/aldehyde ratio was changed from
2/1 to 1/1. The dipyrromethane concentration was also decreased twice in order to prevent the bilane from precipitating and therefore to
allow the formation of the required porphyrinogen. We chose the reaction between p-tolualdehyde (3) and the simple unsubstituted
dipyrromethane 1 leading to 5,15-di-p-tolylporphyrin (5) as a model system (Scheme 1). After one hour, the reaction mixture was extracted

by CHCI; and oxidized by p-chloranil.
= ~ % + RCHO
\_NH HN-/

1 2.R = 3,5-(t-Bu)CqHj
3.

R=
R = 4-MeCgH,

1. HCI, H,0, MeOH
2. p-chloranil, CHCl3

4.R=35-(t-Bu)CqHs 4%
5. R = 4-MeCgH, 36%

Scheme 1. First attempts to synthesize trans-A,-porphyrins.



This reaction resulted in the formation of porphyrin 5 in 36% yield and without any detectable scrambling. Encouraged by this
result, we tried to apply the same conditions for the more lipophilic 3,5-di-fert-butylbenzaldehyde 2. Unfortunately, in this case the yield of
porphyrin 4 was only of 4% (Scheme 1). Despite this small yield, the lack of scrambling prompted us to optimize the experimental
parameters of this reaction.

The low solubility of 3,5-di-fert-butylbenzaldehyde in a polar medium and the possible precipitation of the bilane seemed to
account for the low yield. Consequently, we examined the solubility of this aldehyde in polar solvents and we observed that the solubility
was comparable in MeOH and EtOH for this aldehyde, but the reaction intermediates were more soluble in the latter alcohol. Since EtOH is
the more “greener” solvent and of course fully miscible with water, we focused on this solvent in further attempts. The volume of water was
a crucial parameter because the more water is added, the lower will be the solubility of the organic intermediates. Nevertheless, a sufficient
amount of water is required in order to dilute the HCI, thus preventing scrambling side-reactions. With this scope, the aldehyde concentration
was slightly reduced from 5 mmol/L to 4 mmol/L while the ethanol/water ratio was raised from 1/1 to 4/1 and the acid concentration was
lowered from 30 mmol/L to 24 mmol/L (Table 1, Entry 1).

This first modification proved to be important because the yield of porphyrin 4 increased from 4% to 20%. An increase of the
dipyrromethane concentration to 6 mmol/L (Entry 2) lowered the yield (12%) so the former concentration was kept constant in further trials.
The polarity of the reaction medium was then lowered by decreasing the amount of HCI in the reaction (Entry 3). Since a lower catalyst
concentration gave a lower yield (10%), we conducted the reaction for a longer time of 16 h (Entry 4), obtaining the expected compound
with a yield of 30%. Extending the reaction time to 168 h (Entry 5), astonishingly decreased the yield to 15% probably due to other
unexplored side-reactions. Thus the 16 h reaction time at the Marseille summer room temperature (~25 °C) seemed optimal. When we
changed the ratio of EtOH/H,0 in an effort to boost yield by improving solubility (Entry 6) the yield of porphyrin 4 decreased to 25%. We
performed the same procedure as in entry 4 with a two-fold increase in reactant concentration (Entry 7), but again observed a lowered yield
(9%). Thus the optimum experimental conditions for the porphyrinogen formation were then fixed according to Entry 4.

We also explored the preparative robustness using “greener” reaction conditions (Table 1, Entries 8-10). To simplify the oxidation
step, we introduced the oxidant (p-chloranil) directly in the ethanol/water mixture after neutralizing the acid with a stoichiometric amount of
NaOH (Entry 8). The yield was only 12% but no scrambling occurred. We performed the same procedure, but omitted p-chloranil and left
the reaction exposed to air while heating the reaction mixture at reflux overnight; the yield was the same and again no scrambling was
detected (Entry 9). On the other hand, if the acid catalyst was not neutralized, boiling the reaction mixture in air produced a significant
amount of scrambling together with a lower yield (Entry 10). Even if in Entries 8 and 9, the yield is lower than in Entry 4, we obtained a non-
scrambling reaction without using a rather expensive oxidant such as p-chloranil, without using a halogenated solvent like dichloromethane
or chloroform, and with only a simple chromatographic plug to purify the porphyrin. Despite the use of this plug, all the other steps are
totally in the spirit of a green chemistry approach with environmentally benign conditions. In all cases, possible scrambling was investigated
by both TLC and ESI-MS of the crude reaction mixture.

Having in hand the optimized conditions, (EtOH : H,O = 4:1, [DPM] = 4 mM, [aldehyde] = 4 mM, [HCI] = 48 mM, 16 h at r.t.) we
then studied the scope and limitations of this procedure (Table 2). We performed the reactions with other aromatic aldehydes as well as with
an aliphatic one, obtaining in all cases frans-A,B,-porphyrins 5 and 9-11 in moderate to good yields. The scrambling level was zero,
according to Lindsey’s classification.!'”

Subsequently, we extended this procedure to obtain A;B-type and AB,C-type porphyrins. We kept the same dilution conditions as in
Table 1, Entry 4 and took into consideration the formation of an intermediate bilane. For these studies, we added 0.5 mmol of bilane and 0.5
mmol of aldehyde to 200 mL of EtOH and kept the same conditions as in Entry 4 for the rest of the reaction time. In the first attempted
reactions for A;B-pophyrins synthesis, we did not purify the precursor (i.e., bilane). Subsequently, we undertook this purification and we
obtained higher yields although this resulted in a two-step procedure. Even if this bilane purification gave better yields, the results without
purification could be interesting in a greener chemistry approach and a facile synthesis more prone to be scaled up. The yields trans-A,B,-
porphyrins were slightly higher if dipyrromethanes possessing electron-donating groups were employed (Table 3). In Table 4 we list the
AB,C porphyrins which could be obtained via a similar two step procedure and which are all novel compounds, difficult to access by other
methodologies.

Arylethynylporphyrins

In the course of our ongoing research in Warsaw on the issue of scrambling in the synthesis of trans-A,B,-bis(arylethynyl)porphyrins,
we previously identified two sets of conditions for lipophilic and more polar building blocks.**! However, these methods did not suppress
scrambling to the zero level according to Lindsey’s classification.!'” Therefore, we decided to take advantage of the efficient non-scrambling
method for the corrole synthesis discovered in our group.?* We focused on porphyrins possessing arylethynyl substituents at two meso
positions. In the initial stage of research we have verified this concept by synthesizing the series of variously substituted frans-A,B,-
bis(arylethynyl)porphyrins and trans-A,B,-arylporphyrins. The synthesis of the corresponding porphyrins was performed by changing the
key parameters such as the volume ratio of H,O to the organic solvent, concentration of reagents, type of the organic solvent, concentration
of acid, and time of the reaction (Table 5). In our preliminary studies we also tested two structurally similar oxidants: p-chloranil (the
reaction mixture was heated under reflux) and DDQ. The latter is recognized to be inferior in corrole chemistry because as a stronger oxidant,
it decreases yields of the less stable corroles. In the case of porphyrins, we did not observe any significant differences in the outcome of the
reactions for these two oxidants. Therefore, in all subsequent experiments we used exclusively the more effective DDQ although it is slightly
more expensive. An initial survey identified the organic solvent to water volume ratio as a critical parameter. Our first steps were directed
towards MeOH since this solvent has proven to be the most effective in the synthesis of frams-A,B-corroles. Indeed, increasing the
MeOH/H,0 ratio from 1:1 to 3:1 allowed us to obtain for the first time the frans-A,B,-porphyrin 34 in a respectable 20% yield with no



detectable scrambling. We observed a similar trend for some arylporphyrins, although it was clear that this type of porphyrins will require a
separate investigation. It is also worth noting that the optimal ratio of water to organic solvent may vary for different solvents, e.g., porphyrin
28 was obtained in satisfactory yield when the THF-water ratio was only 2:1.

For further optimization, we selected the reaction between aldehyde 27 with dipyrromethane 26, leading to porphyrin 28, which can be
easily purified, as a key model reaction (Table 5). The replacement of MeOH with i-PrOH proved to be beneficial (Table 5, Entries 1 and 2)
by doubling the yields of the required product, while the use of CH3CN further improved the yield (Table 5, Entry 3). Notably, the reactions
carried out in a THF-based system gave better outcomes than those performed in an alcohol-water or CH;CN-water system. Experiments
conducted with varying concentrations of acid in water and THF demonstrated that the amount of acid added to the reaction medium is a key
parameter for directing the product yield. This parameter is at the crux of optimizations performed both in Warsaw and Marseille for theses
porphyrin syntheses. Notably, an increase of the acid concentration had a detrimental effect (as depicted in Fig. S1). The acid concentration,
which assures a satisfactory yield of porphyrin 28, is much lower in these studies than the optimal concentration determined for the synthesis
of trans-A,B-corroles.

In summary, these studies indicate that parameters of acid concentration, substrates concentration, and molar ratio of HCI to substrates
are interrelated. For example, in the series of reactions 19-21 the best results (Table 5, Entry 20) were obtained when both the excess of acid
and acid concentration exceeded that in the best experiment (Table 5, Entry 8). The series of reactions 8-14 were thus conducted at higher
dilution. On the other hand, the reactions performed at the same concentrations of acid (Table 5, Entries 10 and 18) but at different dilution,
and thereby different excess of acid with respect to substrates gave relatively similar results with a slight favor of the reaction performed with
a greater excess of acid (Table 5, Entry 18). The gradual increase in the percentage of THF from 33% to 80% (Table 5, Entries 10, 15, and
16) resulted in a systematic, though slight increase in the yields of porphyrin 28, confirming that the composition of the reaction medium
affected the course of the reaction. The control reaction conducted in pure THF led to a very small yield of porphyrin 28 accompanied by the
products of polycondensation and thereby verified the need to use a substantial amount of water in this method. The duration of the first acid-
catalyzed step also plays an important role — prolongation of the reaction from 3 to 4.5 h led to a decrease in yield from 24% to 17% (Table 5,
Entries 16 and 22). However, the time of the first step cannot be too short, especially for less reactive partners. It is noteworthy that in all
cases, excepting Entry 17 (Table 5), TLC and/or ESI-MS analysis revealed no scrambling. Eventually, based on the above studies, the most
efficient conditions were chosen (Table 5, Entry 8, THF:H,0 2:1, [DPM] = 13 mM, [aldehyde] = 13 mM, [HCI] = 0.15 M, 3 h at r.t.) to
investigate the scope and limitations of this methodology.

Since the aim of our investigation was to develop broadly applicable conditions for the preparation of meso-arylethynyl porphyrins,
we designed four substituted derivatives 30-33 (Table 6) in addition to the 4-nitrophenylpropynal (27). Three of the phenylpropargyl
aldehydes possessed electron-withdrawing substituents (CN, CF3, NO,) while the other two contained electron-donating substituents (OMe,
thien-2-yl). These arylpropargyl aldehydes were subsequently reacted with two dipyrromethanes (both hindered and unhindered) affording
trans-A,B, porphyrins 34-37 in satisfactory yields of 9-14% (Table 6). In the case of aldehyde 32, the first step was performed at a higher
dilution using a higher concentration of acid due to the deactivating character of the electron-donating OMe group. To our delight, in all the
reactions no scrambled porphyrinoid products were observed. Moreover, not only does this method suppress the formation of acid-catalyzed
ring-rearrangement products, but it also limits the formation of other oligocondensates considerably simplifying the purification steps of the
desired molecules. Furthermore, these data indicate that through careful control of the solubility of reactants and intermediates, as well as
optimization of other parameters, it is possible to control the course of the reactions aimed at the synthesis of the desired porphyrin. We also
attempted to synthesize trans-A,B,-porphyrins from the building blocks with unfavorably placed substituents: aryldipyrromethanes bearing
electron-withdrawing substituents and phenylpropargyl aldehydes possessing electron-donating groups. All the attempts furnished target
porphyrins in yields of ca. 1%, which led us to the conclusion that the crucial role in this reaction is played by the electron density of
dipyrromethanes. Nevertheless, in these reactions TLC analysis showed no products of scrambling.

Encouraged by these results, we applied the novel conditions to the preparation of trans-AB,C-porphyrins and A;B-porphyrins
bearing one arylethynyl unit. The synthesis of these molecules by any method available to date is extremely demanding. The method
presented by Lindsey™¥ is multi-step and requires the use of reactive dipyrromethane-dicarbinols. Another method involves the synthesis of
Ay-porphyrins and their subsequent coupling with organolithium compounds under conditions developed by Sengel'’* **! to yield
triarylporphyrin, followed by bromination and consecutive Sonogashira coupling with an alkyne partner. This method is limited by the
availability of the organolithium reagents and the requirement for stringent anhydrous conditions. On the other hand, mixed condensation
manifests itself by low yields and tedious isolation of the desired compound from the complex mixture.

We decided to explore a more facile process by using bilanes in the synthesis of porphyrins possessing one arylethynyl unit. The
reaction involved condensation of this compound with arylpropargyl aldehyde leading to the corresponding porphyrinogen, which upon
oxidation was converted to the desired porphyrin. For these studies we transferred the conditions developed for trans-A,B,-
bis(arylethynyl)porphyrins with slight modifications. The reaction of bilane 42 with aldehyde 27 carried out in a THF-water medium for 1 h
furnished porphyrin 46 in 18% yield. A significant amount of 10-(4-cyanophenyl)-5,15-dimesitylcorrole (19% yield) indicated that the time
of the first step was insufficient so that the conversion of bilane was too low and during oxidation by DDQ in the second step, the unreacted
bilane underwent cyclization to corrole. Prolongation of the reaction time to 2.5 h, an increase in the percentage of THF from 67% to 75% (in
order to increase the solubility of bilane) as well as an increase in the excess of aldehyde from 1.2 eq. to 2.4 eq. gave rise to the target
compound 46 in 38% (Table 7, Entry 1) yield and the conversion of bilane was complete.

The success of the synthesis of corroles in a MeOH-water system lies in the precipitation of bilane from this mixture, which
prevents its further condensation. To simplify the developed procedure, we took into account the use of the crude bilane from the reaction in
MeOH-water. The precipitate was filtered and submitted to the reaction with aldehyde. Subsequent oxidation with DDQ resulted in the



formation of a complex mixture, of which one of the components was a corrole, while another one was the target porphyrin. These results
indicate that purity of the bilane and a suitable ratio of aldehyde to bilane are important.

The scope and limitation of this method were investigated under the following conditions of the first step: THF : H,O = 3:1,
[bilane] = 13 mM, [aldehyde] = 31 mM, [HCI] = 0.15 M, 2.5 h at RT. For the purpose of these studies we have synthesized a set of bilanes
with a wide range of substituents. It included three A,B-bilanes 42-44 and two As-bilanes 52 and 53 — one with electron-withdrawing and
another one with electron-donating substituents. As their counterparts, we used phenylpropargyl aldehydes 27, 30, and 33 possessing
electron-withdrawing substituents (CN, CF;, NO,) and aldehydes 31, 32, and 45 with electron-donating substituents (OMe, Me, thien-2-yl).
The reaction in a THF-water system afforded a set of A,B- and A;B-porphyrins 46- 51 and 54-56 in good to excellent yields (Tables 7 and 8).
Moreover, the reactions were clean and the purification was straightforward. In some cases trace amounts of corroles were observed.

The optical properties of these porphyrins are analogous to other arylethynyl- and bis(arylethynyl)porphyrins synthesized
previously.[**) The introduction of phenylethynyl moiety results in a red-shift of the absorption maxima of 48 comparing to tetrakis[3,4,5-
tris(decyloxy)phenyl]porphyrin®®” (Figure 1). This change is even more pronounced for bis(arylethynyl)porphyrins, e.g. 35. The shift of
absorption bands corresponds to the reduction in the HOMO-LUMO gap, which in turn indicates the effective overlap of the extended n
systems between the porphyrin and aryl moieties.

Figure 1. Absorption spectra of tetrakis[3,4,5-tris(decyloxy)phenyl]porphyrin, arylethynylporphyrin 48, and bis(arylethynylporphyrin 35.
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Table 1. Optimization of the synthesis of porphyrin 4.

S =
\ NH HN // * 2 1. HCl H,O, EtOH Q O
\O 2. p-chloranil
4

n (mmol) V (mL) V(mL) v(mL) Oxidation NaOH . Scrambling

Entty "PpM EtOH HCI35%  H,0  tme(hrs) step quenching T €ld(®)  gpservation
1 1 200 5 50 1 a No 20 No
2 1.5 200 5 50 1 a No 12 No
3 1 200 1 50 1 a No 10 No
4 1 200 1 50 16 a No 30 No
5 1 200 1 50 168 a No 15 No
6 1 240 1 15 16 a No 25 No
7 2 200 2 50 16 a No 9 No
8 1 200 1 50 16 b Yes 12 No
9 1 200 1 50 16 c Yes 12 No
10 1 200 5 50 1 c No 10 Yes

Oxidation step: (a) p-chloranil in CHCls; (b) p-chloranil in EtOH/H,O; (c) air in EtOH/H,0.

The optimal reaction conditions were identified for Entry 4, highlighted on a grey background.



Table 2. Isolated yields of trans-A,B,-porphyrins formed under optimized H,O/EtOH conditions.

R
R

M + 2 RCHO 1.HCI, EtOH, H,0 R R

NH HN 2. p-chloranil

DPM

Rl
DPM R Aldehyde R' Porphyrin Yield Reference (Yield)
1 H 2 g 4 30% [31] (55%)

1 H 3 Me—@—% 5 73% [32] (49%)
1 H 7 Meo@—é 9 38% [38] (66%)

1 H 8 C3H7—§ 10 28% a]

6 F 3 Me@é 11 22% [40] (10%)

[a] present work, as from a previous patent, the yield could not be inferred.”*’!



Table 3. Extension to the syntheses of A;B porphyrins.

R2
R2CHO
1. HCI, EtOH, H,0
[ HCI, MeOH, H,0O 2. p-chloranil, CHCl,
[N> + R'CHO EEE—— — = R R
H
R'I
Aldehyde 1 R Bilane Yield Aldehyde 2 R2 Porphyrin Yield Reference (Yield)

12 FAQ— 13 10% 3 Me@—% 15 5% [a]

4®— 14 57% 7 MeO—@—% 16 17% [41] (9.5%)
3 MeO— 14 57% 17 Meozc©—§ 18 13% [42] (17%)

14 57% 2 19 26% [a]

[a] new compound

Table 4. Extension to the syntheses of AB,C Porphyrins.

RCHO R
1. HCI, EtOH, H,0
2. p-chloranil, CHCl5 ” R
Bilane R3
DPM R’ Aldehyde 1 R? Bilane Yield  Aldehyde 2 R3 Porphyrin Yield
FF
1 H 12 F@— 20 40% 3 Me—©—§ 22 15%
F F
FF
1 H 12 F{%— 20 40% 2 23 10%
F F
F F
6 F 7 MeO—@— 21 63% 3 Me—@—g 24 8%
F F
F F
6 F 7 MeO@ 21 63% 2 25 7%
F F

All these A,BC porphyrins are new compounds



CO,t-Bu
t-BuO,C

0._COstBu

1. HCI, solvent, H50, r.t.

2. CHCI3, DDQ, r.t.
o) o

£BuO,C” 0 0
(0 kCOzt-Bu
COxt-Bu
28

Table 5. Optimization of the synthesis of porphyrin 28 in a water-organic solvent system."

Enry Organic solvent/V,® [mL] Vy [mL] Vv VHCN?% E::)Iﬁ]/nw t [h] Yield (%)
1 MeOH/14 7 21 0.8/9.3 3 5
2 i-PrOH/14 7 21 0.8/9.3 3 10
3 MeCN/14 7 21 0.8/9.3 3 16
4 MeCN/10 5 2:1 0.4/4.6 3 12
5 THF/14 7 21 1.2/13.9 3 14
6 THF/14 7 21 2.4/27.9 3 9
7 THF/14 7 21 3.2/37.2 3 8
8 THF/10 5 2:1 0.2/2.3 3 25
9 THF/10 5 21 0.25/2.9 3 20
10 THF/10 5 21 0.3/3.5 3 20
11 THF/10 5 21 0.4/4.6 3 18
12 THF/10 5 21 0.57/6.6 3 18
13 THF/10 5 21 0.86/10.0 3 16
14 THF/10 5 21 1.0/11.6 3 15
15 THF/11.25 3.75 3:1 0.3/3.5 3 21
16 THF/12 3 4:1 0.3/3.5 3 24
17 THF/15 0 - 0.3/3.5 3 traces
18 THF/12.5 6.25 2:1 0.375/4.4 3 22
19 THF/7.5 3.75 2:1 0.175/2.0 3 16
20 THF/7.5 3.75 21 0.225/2.6 3 22
21 THF/7.5 3.75 21 0.3/3.5 3 16
22 THF/12 3 4:1 0.3/3.5 4.5 17
23 THF/14 7 21 0.28/3.3 4.5 19
24 THF/14 7 21 0.8/9.3 4.5 15
25 THF/16 4 4:1 0.25/2.9 3 16
26 THF/14 7 21 0.4/4.6 3.5 18
27 THF/11.25 3.75 3:1 0.2/2.3 3.5 24

[a] All reactions were performed under the following constant conditions: Nyigenyde = 0.2 mmol, Ngipyrromethane = 0.2 mmol, r.t. [b] Volume of the organic solvent.

[c] Volume of water. [d] Time of the first step. [e] Isolated yield after one chromatography and crystallization.




Table 6. Synthesis of trans-A,B,-porphyrins from arylpropynals and aryldipyrromethanes.

R 1. HCI, THF, H,0, r.t.
, 2. CHCl,, DDQ, rt.
~ = + OHC—R R?—
\_NH HN—7/
DPM
DPM R1 Aldehyde R2 Porphyrin Yield
t-BuO,C
o)
26 0 27 OzN@ 28 25%
t-BuO,C—/
o
t-BUOzc
t-BuO,C
o)
26 o) 30 NC@ 34 10%
t-BuO,C—/
O
t-BUOzc
t-BUOzc
o)
26 0 31 @* 35 9%
t-BuO,C—/ S
o
£-BuO,C
t-BquC
o)
26 0 32 Meo@ 36 14%
t-BuO,C—/
o
£-BuO,C
Me
29 Me 33 F3C©— 37 19%




Table 7. Synthesis of AB,C-porphyrins from bilanes and arylpropynals.

R1
1. OHC—=R®
R! HCI, THF, H,0, r.t.
) HCI, MeOH, H,0O 2. CHCI3, DDQ, r.t. -
SN = + RRCHO —m—— R2 =
\ NH HN /
DPM
R1
Bilane
DPM R! Aldehyde 1 R? Bilane Yield Aldehyde 2 R3 Porphyrin Yield
Me
29 MeAQf 40 NC—@— 42 lit [20c] 27 02N—©— 46 38%
Me
Me
29 MeAQf 40 NC—@— 42 lit [20c] 32 MeO—@— 47 30%
Me
Me
29 Me—Q— 40 NC—@— 42 lit [20c] 31 | D 48 29%

F3

S
Me
38 MeS—@— 41 43 35% 27 02N—©— 49 15%

oy

F3
cl
39 Q— 40 NC—@— 44 45% 45 Me—@— 50 19%
cl
FsC
38 MeS—@— M @— 43 35% 30 NC—@— 51 1%
c

F3




Table 8. Synthesis of A;B-porphyrins from bilanes and arylpropynals.

R1
1. OHC—=—R?
HCI, THF, H0, r.t.
{/ \} HCI, MeOH, H,0 2. CHCI3, DDQ, r.t.
N + R1CHO R1 —— R2
H
R1
Aldehyde 1 R’ Bilane Yield Aldehyde 2 R2 Porphyrin Yield
40 NC—@— 52 It [20c] 33 F3C—©— 54 24%
7 MeO—@— 53 22% 30 NC—@— 55 13%
7 MeO—@— 53 22% 32 Meo—©— 56 16%
“Bilanes were obtained either from dipyrromethanes and aldehydes (a) or aldehydes and pyrrole (b). For (b) R' = R?.
Conclusions

This work establishes the foundation for an effective method to prepare trans-A,B,-porphyrins, A;B-porphyrins and AB,C-porphyrins
without scrambling in water-based media. The described methodology is diversity tolerant and offers good yields of porphyrins (9-25%) for
various types of dipyrromethanes including non-hindered 5-aryldipyrromethanes. In this last case the literature yields have been increased
from ~10% to ~20%. Our detailed study of the [2+2] condensation of dipyrromethanes and aldehydes led to the following conclusions: First,
extensive changes in the reaction conditions make it possible to direct the cascade of Friedel-Crafts reactions between dipyrromethanes and
aldehydes to form the porphyrinogen rather than bilane. Second, depending on the class of aldehydes (aromatic aldehydes vs. arylpropargyl
aldehydes) the optimal co-solvent and acid concentration vary quite significantly. Third, regardless of the type of substituents (in terms of
steric hindrance and/or electronic character) there is no scrambling in these reactions in spite of the relatively high concentration of protic
acid (ca. 40 mM or even 150 mM for arylethynylporphyrin), which suggests that water plays a critical role in suppressing acid-catalyzed
recombination.

A series of meso-substituted A;B-porphyrins were prepared in excellent yields using a [3 + 1] strategy. Results leading to trans-A,B,-
diaryl-bis(arylethynyl)porphyrins, provide a complementary method to two established alternative approaches leading to these types of -
extended porphyrins. The current methodology compares favorably with the existing procedures, especially for electron-deficient arylethynyl
substituents where Sonogashira coupling of meso-bromoporphyrins with alkynes leads to inferior results. Reactions of bilanes with
arylpropargyl aldehydes afforded porphyrins bearing one arylethynyl substituent, a missing link in the study of m-extended porphyrins, and
these were isolated in 13-24% yield. Overall, these studies have significantly extended our understanding of the acid-induced scrambling
phenomenon and have increased our ability to prepare a potentially unlimited diversity of meso-substituted porphyrins bearing two or three
different substituents in reasonable yields.

Experimental Section

Full experimental details are presented as Supporting Information.
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