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Abstract: To study the correlation of macrocycle nonplanarity 
and catalytic activity of free base porphyrins in detail, a series of 
six tetraphenylporphyrins with graded degree of β-ethyl 
substitution (‘H2EtxTPPs’ 1–6; x = 0, 2, 4, 6, 8) was applied in 
organocatalyzed reactions. The macrocycles display 
incrementally increasing nonplanarity due to repulsive peri-
interactions. This creates an out-of-plane vector and better 
accessibility of the core amine and imine groups as the number 
of alkyl substituents increases. Following such a molecular 
engineering approach, the inner core system could be used to 
activate small molecules as a result of significant saddle 
distortion. The potential organocatalyst ‘H2EtxTPPs’ were used in 
benchmark sulfa-Michael reactions and we found a distinct 
relationship between nonplanarity and conversion. These 
observations were attributed to the combined effect of enhanced 
basicity and increased H-bonding potential that could facilitate 
bifunctional organocatalysis. Ultimately, density functional theory 
(DFT) calculations were performed on 1–6 to monitor some 
electronic properties of the title compounds. 

Introduction 

Porphyrins are multifaceted macrocyclic compounds and used to 
illustrate advances for example in chemistry, biochemistry, 
physical chemistry, and beyond.[1] They are omnipresent in 
nature (e.g., in pigment–protein complexes and metalloproteins; 
hemes) where a close interplay between their stereochemistry 
and activity has been observed.[2] Thanks to the porphyrin 
skeleton’s flexibility, manipulation of the macrocycles’ 
conformations allows fine-tuning of their physicochemical traits.[3] 
This includes binding properties, catalytic activity, and chemical 
reactivity in general,[2,4,5] and inspired us to advance molecular 
engineering approaches based on conformational control in 
tetrapyrroles.[4,6]  
In planar porphyrins, the pyrrole N/N–H moieties are considered 
as hidden within the inner core system and inaccessible for any 
supramolecular use as they are shielded by the surrounding 
macrocycle. This prevents the formation of hydrogen bonding 
complexes N–H…X with acceptor molecules X or deprotonation 
of donor molecules. However, methods exist to modulate the 

tetrapyrrole conformations and to reshape the vector of N/N–H 
orientation outwards, thus increasing their availability and 
reactivity.[6a,b,7] One such strategy is the use of saddle-distorted 
porphyrins,[8] and today the class of 2,3,5,7,8,10,12,13,15-
17,18,20-dodecasubstituted porphyrins is often applied for 
studies in this area.[9] Furthermore, they are often accessible 
through facile syntheses and conformational tailoring.[6,10,11] 
While these species are highly basic and form hydrogen-bonded 
complexes N–H…X under participation of the pyrrolic N–H 
groups in the core, the planar counterparts often remain 
inert.[6a,b,12]  
Saddle-shaped 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-
tetraphenylporphyrin (H2OETPP, 1) is severely nonplanar[12g] 
and, as we have shown, organocatalytically active.[6b] Moreover, 
a mostly structural, comparative study by our group focused on 
the ‘H2EtxTPP’ series that included 1 and the related compounds 
2–5.[7] Therein, we elaborated the steric consequences of 
incremental peripheral substitution on the macrocycles and the 
effects on physicochemical properties. ‘H2EtxTPPs’ are structural 
hybrids of 5,10,15,20-tetraphenylporphyrin (H2TPP, 2) and 
2,3,7,8,12,13,17,18-octaethylporphyrin (H2OEP), which become 
increasingly nonplanar in the order: H2TPP (2) < 7,8-diethyl-
5,10,15,20-tetraphenylporphyrin (H2DETPP, 3) < 7,8,17,18-
tetraethyl-5,10,15,20-tetraphenylporphyrin (H2tTETPP, 4) < 
2,3,7,8-tetraethyl-5,10,15,20-tetraphenylporphyrin (H2cTETPP, 
5) < 2,3,7,8,17,18-hexaethyl-5,10,15,20-tetraphenylporphyrin 
(H2HETPP, 6) < H2OETPP (1) because the central N–H donors 
are severely forced out-of-plane as β-substitution increases 
(Figure 1). However, after establishing their structural landscape, 
we are now interested in the effects of out-of-plane 
conformations on binding properties and catalytic activation.[6a,b] 
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Figure 1. ‘H2EtxTPPs’ 1–6 with graded degrees of β-ethyl substitution and 
incrementally increasing nonplanarity.[7a] 

Recently, for the first time, we were able to utilize metal-fee (free 
base) and N-methylated porphyrins as organocatalysts in 
Michael reactions and suggested a bifunctional mode of 
activation (Figure 2).[6b] Specifically, 1 gave the best results and 
catalyzed a sulfa-Michael addition of tert-butyl benzylmercaptan 
(7) to phenyl vinyl sulfone (8) to afford adduct 9 quantitatively; a 
reaction susceptible to bifunctional catalysis (Scheme 1). This 
was also compared to the performance of various common 
bases, including 4-dimethylaminopyridine (DMAP), triethylamine 
(TEA), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). While the 
use of weak amine bases failed to promote the reaction, the 
conversion using 1 was comparable to that of TEA. However, in 
order to obtain a better understanding and additional proof for 
the likely bifunctional mode of activation, we herein designed a 

case study where conversion is correlated with the stepwise 
accessibility of both Lewis acidic amine and Lewis basic imine 
moieties. That is because an understanding of these correlations 
will ultimately allow us to design porphyrins that will surpass the 
performance of standard bases due to their greater tunability 
and superior potential for functionalization. 

  

Figure 2. Organocatalytic activity of distorted porphyrins. The shielded core of 
2 and porphyrins with minimal peripheral substitution (e.g., 3, 4) is unable to 
bind/activate small molecules. When steric strain is increased (for example 
through β-substitution in 5, 6, and 1), the bifunctional core is exposed and 
becomes available for intermolecular interactions (deprotonation, H-
bonding).[6b] 

Results and Discussion 

In a few words, the structural assessment of 1–6 points at an 
inner core system (i.e. N/N–H groups) that becomes more and 
more exposed as one progresses from 2→1.[7a] This was proven 
by a structural evaluation (e.g., ∆24 values, pyrrole tilts) and also 
indicated through diagnostic spectroscopic parameters (e.g., 
bathochromic shifts in the Soret and Q bands of the electronic 
absorption spectra,[13] deshielded N–H protons as seen in 1H 
NMR spectra) (Table 1). 
Increasing Δ24 values (the average deviation of the macrocycle 
atoms from the 24-atom least-squares plane, a measure of 
overall macrocycle distortion) and pyrrole tilts indicate that the 
potentially catalytically active N/N–H sites are displaced above 
and below the mean-plane, respectively, and rotated in a way 
that the N–H donors point out of the macrocycle. At the same 
time, drastic red-shifts in the Soret and Q bands along with 
increasing chemical shifts serve as a measure of severe 
macrocyclic distortion in solution. This formally resembles a 
stepwise molecular reshaping process and we have shown that 
this is a prerequisite for the ability to activate reaction 
components, as exemplified by 1.[6b] However, taking the 
complete library 1–6 into account allowed us to trace the 
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process of inducing catalytic activity into the tetrapyrroles end-
to-end. Herein, by closing the gap between 2 (inactive) and 1 
(highly active), we were able to seamlessly proof the key role of 
nonplanar conformations in organocatalysis. 

Table 1. Selected structural and spectroscopic parameters of ‘H2EtxTPPs’ 
1–6.[7a] 

Compound Δ24 [Ǟ][a] av. pyrrole 
tilt [deg.] 

λmax [nm][b] δ [ppm][c] 

2, tricl.[14] 0.05 4.0 417, 647 −2.77 

3 0.10 4.3 420, 645 −3.04/−2.45 

4 0.29 15.0 426, 649 −2.60 

5 0.38 20.4 433, 672 −2.38 

6 0.46 24.0 444, 685 −2.23 

1[12g] 0.54 31.2 456, 706 −2.04 

[a] Average deviation from the least-squares plane of the 24-macrocycle 
atoms. [b] Soret and long wavelength Q absorption bands in CH2Cl2 (+ 1% 
NEt3). [c] 1H NMR chemical shifts of the inner core protons in CDCl3. 

Reviewing the sulfa-Michael reaction of 7 and 8 from our initial 
studies on catalytically active distorted porphyrins, we assumed 
that this system may also prove to be susceptible to activation 
by 1–6 (Scheme 1).[6b] 

 

Scheme 1. Sulfa-Michael test reaction to compare the catalytic activity of 1–6. 

And indeed, comparative screening of tetrapyrroles 1–6 under 
concentrated conditions (c[cat.] = 7.1 10−2 M) revealed a close 
correlation between conversion and distortion (Table 2). As 
expected, a blank sample without catalyst did not show any 
product formation. At the same time, almost planar H2TPP (2) 
and H2DETPP (3) failed to promote the reaction. When 
H2tTETPP (4) was applied, which has a noticeable degree of 
saddle distortion, catalytic activation started to become 
measurable, resulting in a conversion of 3%. While having the 
same number of β-ethyl groups, the pyrrole units in H2cTETPP 
(5) point significantly more out of the mean-plane than in 4, 
which gave 50% product. Initial screening of H2HETPP (6) and 
H2OETPP (1) under these conditions showed almost identical 
conversions of 97% and ˃98%, respectively. To distinguish the 
competence of 6 vs. 1, diluted conditions were applied (c[cat.] = 
3.6⋅10−3 M). As expected, we were now able to discriminate their 
activity as significantly different conversions became evident for 
6 (8%) and the most distorted species 1 (80%). The outcome of 
this comparative screening approach is clearly in favor of the 

points we were aiming to make: as distortion increases, the 
inner core system becomes more available to activate reagents 
7 and 8. Based on our previous proposal, we ascribe this to an 
escalating willingness of the more nonplanar macrocycles to 
form hydrogen bonds with 8 and to deprotonate 7 (as illustrated 
in Figure 2).[6a] 

Table 2.[a] Results of the catalytic screening of ‘H2EtxTPPs’ 1–6.[7a] 

Catalyst Conv. [%] (c[cat.] = 7.1⋅10−2 M) Conv. [%] (c[cat.] = 3.6⋅10−3 M) 

Blank Traces Traces 

2 Traces Not performed 

3 Traces Not performed 

4 3 Not performed 

5 51 Not performed 

6 97 8 

1 ˃98[6b] 80 

[a] Full experimental details can be found in the Experimental Section. 

The availability of the inner core N/N–H entities for 
intermolecular contacts in nonplanar porphyrins is certainly a 
result of the induction of an out-of-plane vector. However, while 
this correlation is rather coherent, we were also interested in 
how saddle distortion and formal β-ethylation would affect their 
electronic properties. As such, we decided to investigate 
whether enhanced imine basicity and amine acidity in the order 
2→1 would be mirrored by trends in the charge densities 
assigned to the N/N–H functional groups. 
In order to gather insight into the compounds’ electronic 
properties, DFT calculations were performed on 1–6 using a 
B3LYP functional and a 6-31G(d,p) basis set.[15] Coordinates for 
geometry optimizations were taken from previously known 
crystal structures (CCDC:[16] PHPOR10 (2); TATPOT01 (3); 
TATPUZ01 (4); TATQAG01 (5); TATQEK01 (6); SATQOU 
(1)).[7a,12g,14] Figure 3 compiles the calculated Mulliken charges 
that were assigned to the Na/b/N–Ha/b atoms of the porphyrins in 
detail and it was found that the charge densities at the inner core 
amine and imine moieties varied only slightly depending on the 
number of peripheral ethyl groups. For better comparison, the 
individual values for Na/b and N–Ha/b were also averaged. 
Two trends became evident upon incremental β-ethyl 
substitution: (i) decreasing charge densities at the amine 
hydrogen atoms and (ii) increasing charge densities at the imine 
moieties. For example, the average partial positive charges of 
inner core N–Ha/b hydrogen atoms in H2OETPP (1) were lower 
than in H2TPP (2) (0.374 vs. 0.402). In contrast, 2 had a more 
pronounced av. partial negative charge at the core imine 
functions than 1 (−0.565 vs. −0.537). Therefore, an isolated 
assessment of only these electronic parameters would in 
principal suggest that 2 should have more favorable acid/base 
properties than 1 (Figure 3). However, in general, there are two 
main aspects to the catalytic activity of nonplanar porphyrins: a 
steric factor (tied to the core accessibility to substrates) and an 
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electronic factor (tied to the acid/base properties of the inner 
core system). Catalytic screening revealed that de facto, 
H2OETPP (1) exhibits the best performance (Table 2). As such, 
the charge densities provided by the DFT model fail to mirror the 
trends that were observed in catalytic activity. One reason might 
be that the changes in partial charges are rather small. Hence, 
they may simply be outperformed by the increasing core 
availability. This would suggest that in the ‘H2EtxTPP’ series, a 
nonplanar geometry may be of more significance than favorable 
electronic properties of the N/N–H atoms. However, we have 
previously shown that electron-rich macrocycles are better 
organocatalysts than electron-poor species.[6b] Again, this shows 
that differentiating the influence of steric and electronic factors in 
nonplanar porphyrins is nontrivial and both cannot be treated as 
separate entities.[17] Moreover, additional factors may contribute 
to the observed changes in partial charges of the inner core, 
such as destabilization of the aromatic system due to 
macrocyclic deviation from an ideal planar shape. As a 
consequence, the results of the DFT calculations appear to be 
unable to reflect all aspects that contribute to an increased 
organocatalytic activity. One issue that remains is the difficulty of 
finding porphyrin compounds that have the same conformation 
but clearly differentiated electronic structures or vice versa. 

 

Figure 3. Calculated charge densities (Mulliken charges) of the Na/b/N–Ha/b 
atoms in porphyrins 1–6. 

Conclusions 

Applying a series of six β-substituted ‘H2EtxTPPs’ 1–6 as 
potential organocatalysts in sulfa-Michael reactions allowed us 
to trace the incremental introduction of catalytic activity into the 
porphyrins. This was shown in a catalyst screening where 
increasing conversions were noted. We ascribe this behavior to 
an escalating saddle-type distortion of the compounds as a form 
of molecular engineering. As is well documented, saddle-type 
nonplanarity increases the vector of all inner core N/N–H entities 
outwards and, as we have shown through DFT calculations, 
results in some degree of modification of the groups’ electronic 
properties. While the applied DFT model falls short of supporting 
the observed increase in catalytic activity, conformational 
analysis of the title compounds strongly supports the findings. 
Nevertheless, both electronic and steric factors in nonplanar 
porphyrins are usually tied inseparable and it is evident that both 
are prerequisites for the design of future porphyrin 
organocatalysts. Conclusively, a combination of modulating 
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electronic properties and conformations in tetrapyrroles stands 
at the base of a new generation of bifunctional organocatalysts 
with great potential for tunability. 

Experimental Section 

Porphyrins 1–6 were synthesized according to the literature.[7] 
For small amounts of material, microliter syringes and an 
analytical balance were used. All reactions were carried out in 1 
mL screw-cap vials (c[cat.] = 7.1⋅10−2 M) or 5 mL round-bottom 
flasks (c[cat.] = 3.6⋅10−3 M) under a protective argon atmosphere. 
All solvents used were degassed and dried over Al2O3. The 
nucleophile (43.8 μL; 7.05⋅10−2 mmol; 1.0 equiv.), catalyst (e.g., 
5.92 mg for 2; 7.05⋅10−3 mmol; 3 mol%), and Michael acceptor 
(43.5 mg; 7.76⋅10−2 mmol; 1.1 equiv.) were dissolved in CH2Cl2 
(0.1 or 2 mL, according to Table 2) and the mixture was stirred 
in the dark at RT for 24 h. For each reaction, a blank sample 
without catalyst was set up, too. At the end of each reaction, the 
internal standard (CH2Br2, 8.25 μL; 3.53⋅10−2 mmol; 0.5 equiv.) 
was added into the reaction mixture and a 1H NMR spectrum 
was recorded. The conversion was determined via quantitative 
1H NMR by comparison of the product integrals with the integrals 
of the internal standard. 
Theoretical calculations were performed using DFT[18] with 
Becke's three-parameter hybrid exchange functional (B3)[19] and 
the Lee-Yang-Parr correlation functional (LYP),[20] collectively 
abbreviated as B3LYP. Pople's split-valence double-zeta basis 
set, i.e. 6-31G (d,p) was used for the macrocyclic core atoms (C, 
H, N) in all cases.[21] To confirm the potential energy minima, 
analytical frequency calculations were carried out for the 
optimized geometries. Gaussian 09 (G09) was used to execute 
the DFT calculations.[22] The polarizable continuum model (PCM) 
was used to elucidate the solvent effects for CH2Cl2.[23] DFT 
calculations[18] were carried out without any symmetry 
restrictions. Mulliken charge analysis was performed using 
above-mentioned functional and basis set in CH2Cl2.[24]  
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